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THE EFFECT OF SUPPORT FLEXIBILITY AND DAMPING
ON THE SYNCIRONOUS RESPONSE OF A SINGLE
MASS FLEXIBLE ROTOR

By: R. G. KIRK!
E. J. GUNTER?

ABSTRACT

This paper deals with the dynamic unbalance response and transient
motion of the single mass Jeffcott rotor in elastic bearings mounted on
damped, flexible supports.

- pe——

A steady state analysis of the shaft and the bearing housing motion
was made by assuming synchronous precession of the system. The conditions
under which the support system would act as a dynamic vibration absorber
at the rotor critical speed were studied and plots of the rotor and support
amp | itudes, phase angles, and forces transmitted were evaluated by the
comp.ier and the performance curves were plotted by an automatic plotter
unit. Curves are presented on the optimization of the support housing

characteristics to attenuate the rotor synchronous unbalance response.

The complete transient motion including rotor unbalance was examined
by integrating the equations of motion numerically using a modified 4th oo
order Runge-Kutta procedure and the resuiting whirl orbits were plotted
by an automatic plotter unit. The results of the transient analysis are

discussed with regards to the design optimization procedure derived from
the steady-state analysis.
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INTRODUCT 1ON

The study of rotor dynamics has in recent years, become of increasing
importance in the engineering design of power systems. With the increase
in performance requirements of high-speed rotating machinery in various
fields such as gas turbines, process equipment, auxiliary power machinery
and space applications, the engineer is faced with the problem of designing
a unit cspable of smooth operation under various conditions of speed and
{oad.

In many of these applications the design operating speed is often
wel! beyond the rotor first critical speed, and under these circumstances
the problem of iasuring that the turbomachine will perform with a stable

low-level amplitude of vibration is often difficult to achieve.

At the turn of the century H. H. Jeffcott (1) developed the fundamen-
tals of the dynami~ response of the damped single mass unbalanced rotor
on a massiess elastic shaft mounted on rigid bearing supports. Tihe Jeffcott
analysis of the single mass model showed that operating speeds above the
first critical speed were possible and that a low level of vibration would

be attained once the rotor had exceeded the first critical speed.

As various compressor and turbine manufacturers adapted the fiexible
rotor design concept in which the rotors were designed to operate above the
first critical speed, various units developed severe operating difficulties

which could not be explained by the elementary Jeffcott model.

Under certain conditions of high speed operation above the first
critical speed, such influences as internal rotor friction (2}, hydro-
dynamic bearing and seal forces, (3) and aerodynamic cross coupling (4)
can lead to a destructive nonsynchronous precessive whirl motion being

developed in the rotor system.

B. L. Newkirk and Kimball (5), in their early investigations of self-excit-
ed instability in compressors due fo internal friction, were abie to deter-
mine experimentally that the introduction of a flexible support system
could greatly extend the rotor stability threshold speed. D. M. Smith
(6) in 1933 was the first to verify Newkirk's findings theoretically by
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expanding the Jeffcott model with internal damping to include a massless %
damped flexible support system. Recent investigators such as Gunter (7),
Tondl (8), Dimentberg (9) and others (10) have shown that flexible damped
supports may improve the stability characteristics of high speed rotors. s
The problem of ! earing forces transmitted has been examined by various
researchers, (11, 12, 13, 14). They have shown that a significant reduc- :

tion in the forces transmitted can be achieved by the proper design of

the bearing support system.

The present analysis was undertaken to determine the influence
of flexible supports on the synchronous unbalance response of the single
mass Jeffcott rotor, and to optimize the support system characteristics
so as to minimize the rotor amp!litude and forces transmitted over a
given speed range. Dern Hartog (15) has shown that the tuned vibration
absorber will greatly reduce the response of the forced vibrations of
the two-mass system. The following analysis paralleis this approach

for the case of a single mass rotor excited by an unbalance load.

,_ This paper presents an analytic study of the tuned damper support
system similar to that employed by Brock (16) and also presents a
generalized study performed on the digital computer to obtain optimum
support damping to produce the best response of the rotor over a wide
speed range. It is well known that a damper sunport system can improve
the vibration characteristics of a rotcting shaft and various investigatcrs
i have considered the problem either from tre standpcint of a continuous
elastic system or as a series of lumped masses (17-23).

Although the results presented in this paper apply specifically

to the single mass Jeffcott model, the optimization procedure may be
readily extended to more complex multi-mass rotor bearing systems by
employing a finite element rotor digital computer program similar to
the procedure presented by Lund in Ref. 24 or by using the procedure
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as cutlined in the paper presented by Crook and Grantham (25) on the

vibration analysis of turbine generators on damped flexible supports.
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EQUATIONS OF MOTION

Figure |*represents the single mass Jeffcott rotor mounted in damped

elastic supports. |In the Jeffcott model, the shaft is considered as a

massless elestic member and the rotor mass is concentrated in a disc

mounted at the center of the span. The shaft Is supported in linear

bearings which are mounted in damped flexible supports.

Neglecting rovor acceleration and the disc gyroscopics, the governing

equations of motion for the rotor, bearings, and support system in complex

notation reduce to the fol!lowing (31)

. ¢ * -. _ - 2 ;0)1'
MpZp + CZp + C,Zg =10Z, + (K = iwC)Z_ = Mpe w?e

()
CoZj = CiZg *+ KZj = (K - iwCZ =0 (2)
7+ )2y + KyZp - €2 - (K - iwC)Z = 0 (3)

where

ZS =25 - Zj - Zy = relative shaft deflection.

If the internal damping Ci and the aerodynamic cross coupling term Q
are excluded from the above equations then the system will be stabie (26).

After the initial transient motion has damped out, it may be assumed

that the system steady-state motion is circular synchronous precession. In

this case the displacements are related to the velocity and acceleration
vectors as follows:

- iwt
Zi = Aie
Zi = ini (4)
2 = ini = - wlZ

i

*Illustrations begin on page 60,
3
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where Ai is in general complex.

The differential equations of motion may be reduced to a set of algetraic

equations for the determination of the rotor steady-state motion.

(K = Maw? + iC_wA, - KA; = KAy = Moe w? (5)
KAz *+ (K + Ko+ iuCA; + KAy = 0 (6)
- - 2 H =

KSAZ + KSAJ + (K + KS Mjwe + iwCy)A, 0 (7)

ROTOR AMPLIFICATION FACTOR

Consider the steady-state orbit of the flexible rotor on rigid
supports. The rotor amplitude is a function of both the rotor and bearing
stiffness and damping characteristics. Assuming A; is zero, the relative
journal bearing complex amplitude from Eq. 6 is given by

K (K + K. =~ iwC)
Eh (i i K )2 + (wcb>2 " ©
s b b

Soiving Eq. 5 for the rotor amplitude yields

(KZ - M2w2 - iwCz)

Ay = Mzeumz (9)
(K2 - M2w2)2 + (wCz)Z
where
2
- KbKS(Ks + Kb) + KS(me)
2 2

(Ks + Kb) + (wa)

K _2C
C, = s b + C

2 2 s
(Kb + KS) + (wa)

The rotor displacement vector Z, may be expressed in terms of the
absolute displacement R, and the nhase angle ¢ as follows

Z, = Rpe! T 7 @) (10)

) o ‘ . - ] sreatal JaBoBRRIER] L L s e At
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where
M2e w2
R, = 4
V(K = Mw?)2 + (wCy)?
UJC2
¢ = tan~! | ———out
Ko = Mpw?

The above results are similar to the rctor amplitude and phase angle

results for the single mass flexible rotor on rigid supports as shown by
Thomson (27).

The rotor undamped, or natural critical sneed is given by

/K2 K K
wcz M;: .__b_...s..____ (1)
Vi, + KM,

For the case of a lightly damped rotor system on rigid supports the
maximum rotor amplitude will occur at approximately the rotor critical

speed and the dimensionless rotor amplitude or amplification factor at
the critical speed is given by

Ry K2
A = E"I o T 5% (12)

Example |

Consider a 97 Ib. disc centered on a uniform masslesi elastic shaft
as shown in Fig. (I). Assume that the bearing stiffness §h is 500,000

Ib/in and that the effecrive shaft stiffness Ks at the disc station is

333,000 Ib/in. Assuming |ight damping, the total stiffness K, is given by

KK 12
Ky = —=b 120333 x 107 . 550 000 11/in
K+ K, (1 +0.333)108

The rotor critical speed is

Ko
_\/ 2 /250,000 -
Luc = ——M2 = W = l,OOO rad/sec

R LA Tt T T % RRRREE R - TR B
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or Nc = 9,550 RPM,

If the rotor damping CS is assumed to be |5 Ib - sec/in and the bearing
damping coefficient Cb/Z is 80 Ib - sec/in. then the effective system damp~

ing coefficient C, is approximately given by

2 12
Cp = C_ + < b =15 + (0.333)° x 10°< x 160 _ 25 Ib - sec/in

(K + Ks)2 (1.333)2 x |012

The amplification factor at the rotor criticzal speed is given by

Ko
A 250,000 _ 0.0

AcR Tz 1,000 x 25

The amplification factor of 10 represents a very iightly damped rotor
system and indicates that the rotor amplitude at the critical speed will be

10 times the rotor unbalance eccentricity e,
ROTOR RESPONSE ON DAMPED FLEXIBLE SUPPORTS

Solution of Eq. 6 for the case of synchronous precession for the
shaft relative deflection ZS yields

K (K + K) + (wC_ )2 + iwC_K
Zs = (2, - 7)) f b b s b b's

(13)
2 2
[k, + K2+ (C,)
Hence, in terms of the general coefficients C, and K,
KZ + ib\)(Cz - CS)

Z, = (Zp - 2y} [ X (14)

The simultaneous equations for the absolute shatt and support housing
motion reduce to the following

[Ki + Ko = Mpw? + iw(Cy + €)= C A+ [-iw(Cy - C) = KJA, = 0

(15)
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LKy, = Tw(Cy - C)0A + [Kp - Mw? + iuwCrJAp = Mye w? (e

if the damping terms are uneglected, then the natural frequencies

of the system may be determined by the expansion of the determinant of

coefficienms. The resulting frequency equation may be expressed ¢s follows:

I i | + K | + K ‘2 _ _l_(_
wl.z/uc —v7+—m t'\ﬁ M +-2-) M (7
where
K2
mc = I:—Z-

Figure 2 re -esents ihe dimensionless critical speeds vs. the dimen-
sionless support stiffness factor K for various values of support to rotor

mass ratios. WNote that the incorporation of the “lexible support with the

rotor bearing system causes two critical speeds to occur; one which is
higher and one which is iower tnan the original! rotor critical on rigid

supports.
To solve for the complex support and rotor amplit.iles A; and A,, Eq.

ISand 16 may be expressed as follows:

[aij + lbiJ]Aj =F; j=1,2 i (18)

Multiplving Eq. 18 by the complex inverse matrix of coefficients and ex-

panding yields

Fi 812 + iblz|

F2  @xp + ibyp
Ay = n , (19)
Where
8 =d_+id,
dp = (Kp = Mau?) (K - Mje?) - KoMaw? - C1Cauw? - w?C_(Ca - C)

4 e BNt v T e RGBSy i




d. = CulKy, - Myw?) + Cpu(K; - Mjw? ~ Myw?) + Coulky + Mow?)

i

Expanding Eq. |9

Fiazy = Faayp + 1(F1bgy = Faby))

Ay = RN (20)

In this case only an external unbalance excitation force F, is acting
on the shaft and no external exciting force F; is assumed to be present on
th> support systerr. For example, an excitation forceF; may be tran:zmitted
to the rotor system through the support structure by vibrations of auxiliary
or adjacent equipment.

Falayad, + biad; + i(b12d, - a12d,)]

~ 21)
2
d.? +d.?

A
Assume A; is of the form

Ay = Alr - |A1i (22)
The complex support amplitude Z; after some complex algebraic manipulation
is given by

iwt

Ae'vT = Rpe! 0T - 8D (23)

N
o)
il

d.
=~fA 2+ A 2 = g YO
\lklr + Ali , Bp = tan (dr)

By
L od
|

If the shaft damping coefficient CS is considered smali in comparison
to the effective damping coefficient C, than the system displacements and

phase angles are given as follows

K2 + (wCp)2
Ry = Mye w? [~—— (24)

and the phase angle of the support motion relativa to the rotating unbal-

.~d is giv.n 57
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P wbzdr

szr + wC2di

gy = tan~l (25)

Since the complex rotor support motion Z; is given by
i(wt - 8;)
Zy = X; + Yy = Rie

Then for example, the horizontal and vertical components of the support

motion are given by

§ Xy ( ) X Ky2 + (wCjy)2 ‘cos(uf - Sl)(
i d M ST gz dsintt - 8 200
r i

in a similar fashion, the complex rotor amplitude Z, is given by

ayp + ibyy

iwt
"—d—_r_——i-d—.—e (27)
r i

Ly = Mze (A)Z
- u

After some maninulation, Eg. 27 reduces to the following

) /(K1 + Ky - Mw2)2 + ((Cy + Cplw)?2  ifut = By)

2y, = Moe w e (28)
u -V d 2+ d.2
r i
where
| (Ky + Ky = Mlmz)di - (€ + Cplud_
B, = tan~! (29)
(Ky + Ky = lez)ar + (Cp + Cplud,
The relative journal displacement is given by
Zj =27y -2 - ZS (30)
Where the relative shaft deflection is
(Z, - Z,)
ZS = ——-—R-S———'- [KS - f\z - |(1)(12] (31)

Solving for the journal displ!acement
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i(wt = 8.)
Z. =R. e J '
i
where,
(K} - M™)? + (wC))? K, = Ky 2 (wCZ 2
R, = Moe w? b4 +
J . ¢2+4.2 K \ K
r 1 S S

(32) )
and the phase angle Bj between the journa! amp!litude and rotating un-~ :
balance force is given by
(Kp = Mp?)d, - wCldr\

Bj = Tan'l( " ‘ + tan™?
\ v, - le‘)di + wCldi/

mCZ
——— (33)
]

FORCES TRANSMITTED

The magnitude of the resultant forces iransmitted through the bearings
and *the support are of consigerable interest to the designer from a stand-
point of bearirg life and system isolation. It is desirable to minimize
the forces transmitted through the supporting structure and foundation so
that other machines or piping systems are not cxcited. The magnitude of the

force transmitted through the bearings is given by

- 2 2
F, Rj'\/Kb + (C,) (34)

and the force transmitted through the support system is given by

Fi = R\ K12 + (wCp)? (35)

An indication of the effectiveness of the support system * - attenuating

the forces transmitted to the foundation is the support dv..imic transmissi-
bility factor TRD which will be defined as the ratio of the magnitude of the
transmitted support force to the rotating unbalance load. |[f the dynamic
transmissibility is less than |, then the support system possesses ¢ood
attenuation characteristics. Analysis has shown that if the support

housing impedance characteristics, which are determined by the housing mass,

10



stiff 3ss and damping, are mismatched to the rotor-bearing system then

1ada- certain speed conditions the dynamic transmissibility may exceed I.

The dynamic transmissibility for the support is defined as

F, (K2 + (WC3)2) (K2 + (Cyw)?)
TRD = ————— = (36)
Mzeum2 d?+4d,2

f it is assumed that the rotor is operating well above any of the
sysre 1+ critical speeds then the dynamic transmissibility is approximately

given by

| (Kp2 + (wCy)2) (K32 + (Cw)?) :
1RD = — (37)

My 2M,2

The above expression leads to the well known conclusion Trat to
mir imize the forces transmitted through the suppor® for supercritical
sn¢ ¢ operation in the Jeffcott model, the support damping should be
zer> and the support stiffness should be as light as possible (28).
This is a highly ..desirable design practice for s2veral reasons since
large -o'!or amplitudes ana forces transmitted may be encountered when pass-
ing tnrough the rotor critical speeds, and also the rotor system would be
extreme'’y shock sensitive and particularly susceptibie to self-excit.d

whirl iastability under such conditions.

A cororomise siupport damping cosfficient sheuld be selected to either
minimize the rctcr amplitudes or the forces transmitted over the operating

< ~ed rangz a also be sufficient tfo insure adequate rotor stability.

ANALYSIS OF SYSTEM UNBALANCE RESPONSE - TUNED SYSTEM

Figu-e 3 renrrsents a computer generated plot of tne dimensioniess
rotor relative amp!itude versus the dimensioniess rotor speed for the
case of = v = 1. This relative rotor amplitude is equivalent to the
moticih monitored by a proximity probe mounted in the casing measuring
+he rotor motion at the center span. This system represents a tuned

condition in which the support stiffness ratio K is equal to the support
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mass ratio M. With no support damping in the system, the tuned support
wifl cause the relative rotor ampiitude to be zero at a speed correspond-
ing to the rotor critical speed with rigid supports. The introduction

of support mass and flexibility has caused two critical speeds to appear
in the system; one above and one below the rigid support rotor critical.
Note that when the support damping is relatively low the amplitudes at

the two criticals becomes extremely high.

As the dimensioniess support damping ratio C increases fron. 0.01 to
10 the rofor amplitudes at the system critical speeds decrease while the
ampl itude increases at a speed corresponding to the rigid support critical
speed (w/wC = |). Note that in this case the damping value of |0 appears
to be close to an optimum value for the minimization of tiie resonance
amplitudes. |f the support damping is further increased from 10 to 50,
Fig. 3 indicates that there will be only one critical speed present in
the system which will correspond to the rigid support critica!. Although
the damping of C = 50 is over 5 times the c¢ptimum vaiue, the maximum
amplifude is only |/3 the rigid support value of 10. As the support damp-
ing approaches infinity, the rotor amplitude will asymptotically approach
10.

Figure 4 represenis the absolute dimensionless rotor motion for various
values of supoort damping ratio and is similar tfo Fig. 3. It should be
noted that the damping coefficient of 10 also appears to be close fto the

optimum damping for the absolute moticn as well as the relative motion.

It is of interest to note that The various damping lines all intersect
at a common point P in the plot of absoiute as well as relative rotor motion.
|f the rotor ampiiiication factor A is 100 (implying | ight rotor damping)
then there will be two common points of intersection P and Q on the response
plots (see Fig. 10) simiiar to that shown by Den Hartog for the damped
vibration absorber (i5). The intersection points P and Q will occur at speeds
respectively below and above the rigid support critical speed. The rotor
amplitude may be minimized for the case of the absolute rotor motion by
selecting the damoing such that the slope of the response curve is zero

at point P, and zero at point Q to minimize the rotor relative motion.

12
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Figure 5 represents the phase angle between the rotating unbalance
vector and the absoiute rotor displacement vector for various damping
coefficients. The phase angle for the single mass rotor on rigicd
supports (Jeffcott model) increases with speed from 0 to 90 degrees
at the critical speed and asymptotically approaches |80 degrees as the
rotor speed greatly exceeds the critical speed. The phase angles of the
rotor on damped flexible supports has a considerably different behavior
from that of the rigid support rotor. For light values of support damping
(C = 0.01), the phase angle increases rapidly to [80° as the system passes
through the first critical speed and drops to almost 60° as it passes
through the second critical speed. As the speed greatly exceeds tne
highest critical speed, the phase angle again approaches [80°. The phase
angle of 180° indicates that the rotor mass center lies along the rotor
spin axis. As the support damping coefficient is increased beyond 5 for
the case of the tuned system, the reduction in phase angle above the first
critical speed is suppressed. This phenomena of phase angle reversal

above the first critical speed has been observed experimentally (30).

Figure 6 represents the support amplitude versus speed for various
damping values and indicates that «ith very light support damping there
will be large support resonances. As the damping is increased beyond
C = 10 the resonances are suppressed and the ampiitude is only slightly
greater than I. For C = 50 there is only a small peax coserved in the
support system which occurs at a speed corresponding tfo the rigid support
critical speed. The addition of high damping (C > 50) freezes the support

and limits its motion drasticalily.

Figure 7 represents the support phase angles versus speed ratio for
various values of support damping. The phase angle for |ight damping
(C = 0.01) is zero at low speeds and goes to 180 degrees as it passes
+hrough the first critical and then shifts to 330° upon passing through
the second critical speed. If the rotor damping is light (A = 100) the
support phase angle will approach 360° after passing through the second
critical speed. Note that the various damping {ines intersect at three

points. The first node point represents the first system critical speed,
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the second node point represents the rigid support critical speed and the
third node point represents the second critical speed on fiexitle supports.
In the discussion of the single mass flexible rotor presented in vibration
texts (27) the phase change is only shown from zero to i80 degrees. In
more complex systems with flexible supports, the ph~se change may vary
between 0 and 360 degrees. For example in multimass systems the authors
have observed phase changes of n times 180 degrees where n represents the
number of system critical speeds. The measurement of rotor and support
phase angles have been neglected and |imited data has been reported in the
literature. This is an extremely useful variable which when - :corporated
with displacement measurements can be used in balancing flexible rotors

or impedance calculations of the support system.

Fijure 8 represents the dimensionless bearing forces transmitted for
the tuned system. The dimensionless force transmitted is obtained by
dividing by the ftransmitted force corresponding 1o the value at the crit-
ical speed of the original rotor on rigid supports. Because ot the light
shaft damping the force transmitted curves are similar in appearance to
the displacement curves. Note that for the support damping coefficient of
C = 10 the forces transmitted to the bearings at the rigid support critical
are only |0 percent of the value transmitted for the rotor bearing system

on rigid supports.

Figure 9 represents the force transmitted through the bearing supports
to the foundation or base for various values of supporting damping. With
a very lightly damped support system, (C = 0.01) the support amplitude and
force transmitted will be particularly high at the first critical speed
where the bearing and support motions are in phase. At the second critical
speed, the support amplitude is lower than the amplitude attained at the
first critical speed. This is because the bearings and support motions
are out of phase which enables the bearing damping to help attenuate the
support motion. It is of interest to note from Fig. 8, for the tuned
rotor system, the bearing force transmitted at (w/wc) = | with an .adamped
support system is zero. Figure 9 shows that the corresponding force trans-
mitted through the support system at m/wC = | has been reduced to only 10%
of the rigid support value.
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The force transmitted for an undamped support system at a speed
ratio of four is approximately 10% of +he rigid support value. This con-
dition would be desireable if it were possible to accelerate through the
criticals, thereby avoiding the large steady-state amplitudes and forces
developed.

The near optimum damping of 10 increases the support forces transmitted
in the supercritical speed region to 30% of the rigid support value and
the overdamped support system (C = 50) has increased 10 ,.2arly 80%. Hence,
the support damping introduced to suppress the system resonar.es will cause

the forces transmitted to increase in the supercritical speced region.

If the system is designed to operate over the entire speed range shown,
then the near optimum value of damping (i.e., C = I0) for suppressing the
rotor absolute amplitude also produces the most desirable attentuation of

forces to the system support structure.

OPTIMUM DAMPING FOR TUNED SYSTEM

From the observation of the computer generated displacement and force
transmitted piots it is apparent that there exists an optimum damping tfo
either minimize the rotor amplitudes or the forces transmitted over the

entire speed range.

Fcr example to minimize the absolute rotor motion as shown in Fig. 4
or the relative rotor motion shown in Fig. 3, the method of (16) may be
used in which the damping is chosen so that the sliope of the amplitude
curve is zero at points P and Q respectively. In the tuned system where
K/M = | for light rotor damping (A = (00), the rotor amplitudes at points
P and Q are independent of the support damping as shown in Fig. 10 and

can be shown to be equal to

Xy = xo/e | =/ +2M (38)
u'P,Q
Therefore with the tuned system illustrated with a mass ratio of M = |,
the maximum amplitude at P or Q will be 1.732 times the rotor unbalance
15
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eccentricity. The optimum damping may be selected so that the tangent to
the amplitude curve at either point P or Q has a zero slope. By selecting
the optimum damping in this fashion it is seen that the maximum amp!itude

in the system will not exceed the value given by Eq. 38. Thus it is readily
apparent that to minimize the rotor response over a given speed range, the

support mass should be kept as light as possible.

After considerable algebraic manipulation (28) the cptimum damping

coefficient for both points P and Q is given by the following expression

| AM3y3 - 3M2(aM + 3)y? + M(IZMZ+I3M + B)y - MU + 2W2 Lo,

52
~12Mp2 + 8(1 + 2M)y - (I + 2M)
where,
Ye
£ = Cl/CC = Cl/Cz X I/ZA = Cl -2-}-(;

;2 or 922 depending on whether the value calcuiated is for point

<«
i

P or Q respectively.

and
0,2 = L2 __
| + /1 + 2M
0,2 = Yl + 2M
92 =
b+ 2M ~ |
For example, when M = | and for the first node, P:
lb‘-'-ﬂl‘“)-'- /3- = 0.634
[+ /3
and
£2 = 0.447
Hence

Y Seseb B | - ;: g

-.WMMMWM._ ““
B S LT

Qe toa



e a3z di e

C1

o = 0.688 for point P
c'opt

In a similar fashion

¢
ol = 0.559 .for point Q
c'opt

ExamEIe 2

As an exa.ple of the application of the tuned support design criteria
consider the rotor of Example | mounted in flexibly supported bearing housings
which weigh 48.5 Ibs and have a stiffness of 125,000 Ib/in. The total
support weight W; and §+iffness Ky is given by

W, = 2 x 48.5 =97 Ib

Ky = 2 x 125,000 = 250,000 Ib/in
Hence,

M = M/Mp, = 1.0

K = K]/K?_ = 1.0

The critical damping coefficient Cc is given by

_ 2K 500,000 Ib/in

’ Ce = W, ~ 1,000 rad/sec

= 500 Ib-sec/in
Thus the support damping coefficients required to make the slope of
the rotor amplitude curve zero at points P and Q are respectively given

as follows

344 |b-sec/in

Cy | = 0-688 x C

n = -
Cy |y = 0559 % C

279.5 Ib-sec/in
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These calculations are valid only for the case of zero damping on
the rotor and in the bearings (i.e., A = ») and only for the tuned system
(i.e., K=M), For a more realistic solution, a value of A = |0 was chosen
and numerous cases were then programmed on a digital computer to arrive at
a value of optimum amplitude and required damping. This approach is dis-
cussed in the next section of this paper but the results for the tuned
system are very nearly the same as the results arrived at analytically for
the case of A = » and are presented in Fig. il.

The results shown in Fig. il are approximately correct for systems
having moderate to light damping on the rotor (i.e., 10 £ A < =), Note
that the smaller the mass ratio M, the lower will be the peak response
and also the lower will be the required support damping. For exampie, if
+he mass ratio is 0.1, then the maximum dimensionless amplitude will be only
.1 and the required damping ratio will be 5 as compared to a value of 13.6
for an M ratio of |. Figure 12 is a response plot for the tuned system
K =M= 0.1 which illustrates the validity of the results plotted in Fig.
1. The response curve for a damping ratio of 5 passes almost horizontal
through the node point and has the low amplitude ratio as indicated by
Fig. 11.

Examgle 3

Consider a rotor system similar to Example 2 in which the rotor rigid

support amplification factor A = |0.

For a tuned support system the dimensionless suppor? dampin@ coefficient

is obtained from Fig. I{ for M = | as follows
C =Cy/Cy = 13.6

where C, is given as 25 Ib-sec/in (Example 1).

Therefore,

C; = 13.6 x C, = 340 Ib-sec/in
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Note that this value s approximately the same as the value given in Example

2 for the required damping at point P corresonding to A_.

This indicates that each support must have 170 Ib-sec/in.damping to
achieve the optimum response of abcut 1.7 times the unbalance level of the
rotor.

Next consider a tunad support with a mass <.ad stiffness ratio of 0.10

(see Fig. 12). Corresponding support weight and stiffness are given as

fol lows
W, = 9.7 Ib/in
Ky = 25,000 Ib/in

The required damping is thus found from Fig. Il to be

C=5.0

or

C; =5 x 25 =125 Ib-sec/in

Thus only 62.5 |Ib-sec/in. damping per support is required to obtain an
optimum response of |.| times the unbalance level of the rotor. This value
of .l is in comparison to a maximum response of 10 times the unbalance

levei for the rigidly mounted rotor-bearing system.

OPTIMIZATION OF SUPPORT DAMPING FOR OFF-TUNED CONDITIONS

In general it is not possible or necessarily desirable to have a
tuned support system. The support to rotor mass ratio is usually dic-
tated by design considerations and can be varied only within certain
ranges. Figure || shows that for best reduction of rofor amplitude, the
support mass should remain as light as possible. However, it will be

shown that even with high mass ratio support systems the rotor amplitudes
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can be attenuated by a factor of 5 by proper selection of the stiffness

and damping coefficients.

To evaluate the optimum damping for off-tuned conditions the computer
orogram was run for various support mass and stiffness ratios and each of
these for various damping coefficients. For example, Fig. |3 represents
the amplitudes at the rotor first and second critical speed for various
mass ratios with a dimensionless stiffness ratio of K = 0.0! ac the mass ratio
and damping are varied. The solid lines represent the awplitude at the
second critical speed and the dotted lines represent the ampliiude at the
first critical speed. With moderate support damping ratios it is observed
that as the mass ratio increases the amplitude at the first critical reduces
while the ampiitude at the second critical increases. The optir'm damping
was selected as the intersection of the amplifudes at the first and second
critical for a particular value of damping. For example in Fig. 14 for K = 1.0,
the lowest optimum amplitude point on the ploi “s given by a damping ratio of
0 and produces an amplitude ratio of about 1|.5. Several plots <imilar
tfo Fig. 13 were producea and the results were then crossplotted to obtain

plots of amplitude versus damping ratio such as Fig. |5 for K = 5.0.

Figure 14 represents the maximum rotor amplitude vs. support damping
ratio for various values of dimensionless support stiffness for a rotor
bearing system with a low support mass ratio of 0.0l. Figure |6 shows
that for this particular case, the lowest amplitude is achieved by a iow
support stiffness ratio of K = 0.0l which is of the same order as the mass
ratio. With this low support stiffness, there is a wide range of support
damping (i.e. C = | »+ 6) that can be used to achieve the low 'evel of

rotor response.

Thus, under proper design conditions the suppori damping may be
allowed to vary by a considerable amount without impairing the roctor
performance. As the support stiffness ratio increases, The maximum rotor
amp!itude response also increases and the required support damping must
be larger. For example, if the support stiffness ratio increases from
0.0l to 2.0, the optimum damping required increases by a factor of |5 from

approximately 2 to 30.

20



Figures 17 and 18 represent the maximum rotor amplitude fcr mass ratios
of 0.10 and G.715. Note also that for high stiffness ratio support systems,
the permissible range of the support damping coefficient is very narrow,
and that either a reduction or an increase of damping bey.nd the optimum

vaiue will result in a rapid gain in rotor response.

IT is also ¢f interest To note that if a high support stiffness (K = 2)
is used in c.ojunction with a low value of support damping (C < 2) then the
rotor response wiil be worse than the original rotor response on rigid

supports (A = 10).

Figure 19 represents The maximum rotor response vs. suppoirt damping
for a high support mass iatio system (M = 2). |t is obvious from tne
comparison of Figs. 16 and 19 that the high mass ratio support system is
iess desiracie. The minimum rotor amplitude that can be achieved is leeu =2
with a tuned support where K = M = Z and 2 support damping coefficient of
C = 20. (Also see Figq. |l on the tuned system.) As the support stiffness
ratin is reduced, the rotor response curve increases ir. the optimum damping

region.

If it is not possibie to incorporate a high value of support damping
into the system (C = 20), then the rotor amplitude can stili be reduced
to 40% of ihe original rotor response by a low support damping value of
C = | and a reduced sugport stiffness ratio of K = 0.7. For low values of
support damping, if the support stiffness increases beyond K = 0.7, the

rotor response rapidly increases.

A series of plots similar to Figs. 16 - 19 were produced for various
mass ratios in order to determine the optimum rotor response for off-tuned
support conditions. Figure 20 represents the rotor maximum amplitude vs.
the support mass ratio for varicus values of support sviffness with optimum
damping.

For the case of A = 10, Fig. 20 illustrates that the lowest amplitude
can be achieved with a low mass ratio support system. With a high mass ratio
support svstem such as M = 5, the rotor amplitude X, can be reduced from 10

to 2.8 by means of a tuned support stiffness of K = 5.0 and optimum damping.

21
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Note that as the support stiffress becomes very |ight, the maximum rotor
amplitude increases to 7.5.

At a low value of support mass (M = 0.1), the rotor ampliitude increases
as the support stiffness increases. The optimum damping required with the

tuned support is given by the folliowing approximate reiationship

1.37 x Kz
X MO.437

cy - (40)

W
C

Figure 21 represents the rotor maximum amp!itude vs. stiffness ratio
K for various vaiues of mass ratio M and damping val .es C. This figure
illustrates that it is possible to operate with off-tuned conditions and
still maintain a low level of vibration. |t is seen that the light damping
value C = 0.10 will produce the highest amplitude over the range of
stiffness plotted for K = 0.1 to 10. For K values less than 1.5, The damping
ratio should be less than 10, while for high stiffness supports where K > 2,
the damping value C should be > 20 for maximum attenuation. Note ihat for
fow stiffness supports (K < 0.2) the value of C = 20 represents an over-
damped support system causing the amplitude and transmitted forces to be

greater than the optimum value.

Figure 22 represents the rotor maximum amplitude vs. support damping
ratio C for various values of support stiffness K with optimum support
mass M. Figure 22 shows that the lowest amplitude !evel can be achieved
with a low support stiffness (K = 0.01) and the support damping may vary
from C = 0.5 to |0 while maintaining a low level response. The figure also
illustrates that as the support stiffness is increased, the amplitude will
also increase for a given value of damping. It is also clearly seen that
as the stiffness value is increased, a larger support damping value is re-

quired to produce a low vibration amplitude with optimum support mass ratio.

Figure 23 represents optimum damping and mass ratios for various values
of stiffness ratio. Figure 23 shows that, as the mass ratio increases, the
required stiffness ratio increases for a given value of damping. It is of
interest to note that for K values between 0.2 and 2.0, for a given M vaiue,

there can be two values of optimum damping, a low vaiue of C below 10 and a

22
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high damping va'ue > 10. Although high damping values may result in low

rotor amplitudes, the bearing forces transmitted through the support will

be much higher. Therefore extremely large values of support damping

should be avoided.

23
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TRANSIENT ANALYSIS

The previous discussion has been concerned only with the steady-state
response of the ro‘or due fo unbalance and has not considered the rotor
initial transient motion. As discussed previousiy, the damped flexible
support system is important, not only from the standpoint of reduction of
synchronous unbala.ice response, but also in the control of self excited
vibrations such as caused by internal friction, aerodynamic excitation, etfc.
Therefore to investigate the general rotor motion and also to provide a
check on the steady-state analysis, the rotor equations of moTion were
integratec forward in time on the digital computer using a modified 4th
order Runge-Kutta integration procedure. This procedure is of importance
particularly if the analy<is is extended from a linear bearing or support
system fo include a nonlinear hydrodynamic damper bearing as presented in
Ref. 13.

The dimensionless rotor and support *ransient orbits were automatically

computer plotted with the following dimensionless parameters
X = x/eu, Y = y/eu

Figure 24 represents the inifial transient orbit of a 96.6 Ib rotor
of Example | with a highly damped supoort (C = 43) for the first 12
cycles of shaft motion. The support mass rativ and the support stiffness
ratio are both approximately the same (0.10) which represents a tuned
system. Because of the excessive support damping, The maximum force
+ransmitted to the support is 2.16 times the unbalance force while the
force transmitted to the bearings is reduced by about 40%. The magnifica-
ticns of the force to the support would be hignly undesirable for applica=~
tions such as aircraft jet engines. For example, various investigators
have observed that such a situation occurs with the hydrodynamic squeeze

film bearing when opcrating at excessive eccentricity ratios (29).

Figure 25 represents the bearing absolute and relative motion correspond-
ing to the case as shown in Fig. 24. The solid line represents the bearing

absolute motion wnile the dashed line represents the bearing relative !
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motion. Since the support damping is |0 times the bearing damping, the
initial absolute bearing motion is not much larger than the bearing rela-
tive motion. Note that the timing marks on the orbit appear in the nega-
tive x direction This indicates that the bearing motion is 180° out of

phase with the rotating unbalance load.

Figure 26 itlustrztes the support housing motion. Because of ex-
cessive support damping, the initial support transient motion is quite
small and is less than the unbalance eccentricity. The pnhase angie between

the support motion and the rotating unbalance load is apprcximately 220°.

Ffigure 27 represents the transient orbit for the same rotor system
except that the support demping has been reduced by a factor of 100 from
C, = 1,000 Ib-sec/in. to 10 Ib-sec/in. In this case, the maximum force
transmitted through the support is less than 9% of the rorating unbalance
force and the bearing force transmitted is 16%. This orbit is ajalogous
to a suddenly applied unbalance such as a blade :0ss in an engine. Although
the forces transmitted have been greatiy reduced with the low ,tiffness
and damping support system, the rotor has ceveloped a large in‘tial transient
motion of over 10 times the unbalance eccentricity and this transient

motion is not readily damped out.

Figure 28 represents the absolute and relative bearing moTion with
the low support damping of C; = 10 Ib-sec/in. The absolute bearing
initial transient motion is extremely large while the reiative motion is
well behaved. Note that the bearing relative phase angle has shifted from
180° for the highly damped case to 50° for the case with light support

housing dampinag.

Figure 29 represents the support housing motion corresponding to the
sysfem with light support damping. A comparison of the absolute support
motion and the absolute rotor motioun indicates that the two are similar.
This implies that the initial transient motion of the rotor is cus primarily

to the large deflections in the support system.
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In Fig. 30, the rotor fransient motion is depicted with an optimum
damping coefficient of C = 5.5 for minimum rotor response as determined
from the steady-state analysis. The transient response is rapidly suppressed
after seven cycles of shaft motion to produce a small stable synchronous
orbit. The transmitted forces to the bearings and support are nearly
balanced to achieve approximately a 75% attenuation of the unbalance load.
Figure 30 shows that with the optimum damping as determined by the steady-
state analysis, the initial transient rcor motion will be 5 times the rotor

unbalance eccentricity.

Figure 31 represents the bearing m *ion. After approximately 6 cycles,
the initial transient motion is damped out. Figure 31 indicates that the
absolute bearing motion is equal tc the rotor unbalance eccentricity after
the transient has died, and is 180° out of puese with the rotating in-
balance load. The relative bearing motion is approximateiy 60% of the
unbalanced eccentricity and lags the rotating unbalance by about 120°.
Figure 32 represents the support motion anc '* is also similar to the rotor

motion as shown in Fig. 30.
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SUMMARY AND CONCLUSIONS

The equations of motion for a single mass rotor-bearing system on
damped flexible supports have been derived and studied considering both
a steady-state and transient type analysis. Design charts for both tuned

and off-tuned support conditions have been presented.

The analysis may be summarized by the following general statements.

I. The critical speed response of the single mass Jeffcott model
rotor may be completely eliminated by means of a low mass ratio flexible
support with optimum damping. In this case the rotor steady-state ampli-
tude of motion over the entire speed range will only be slightly mcre than

the rotor unbalance eccentricity.

2. The support mass ratio should be kepT'as light as possible n

achieve minimum rotor amplitude.

3. Tne rotor amplitude may be considerably attenuated even for
high mass ratio support systems by tuning the support stiffness such that

K = M and incorporating optimum damping for the *uned conditions.

4. With a low mass ratio support system, the required value of
optimum damping is not critical and can vary by a factor of |0 without
appreciably effecting rotor performance. As the mass ratio increases, the
required value of optimum damping increases rapidly and the permissible

range of variation of support damping diminishes.

5. The off-tuned support (K # M) can be designed to produce a
consideranle improvement in system response in comparison to the rotor on
rigid supports. If insufficient damping is incorporated in vhe suppcr
then the resulting rotor steady-state amplitude may be larger than the

original rotor response for support <*iffness values K > |.

6. |If there is excessive suppor* damping (C > 20) with a low mass
ratio support (M = 0.1), then the forces transmitted through the support

may exceed the unbalance forces (TRDS > 1.0).

7. Although the steady-state analysis shows that the rotor amplitude
will be small for an underdamped (C < 0.50) iow mass ratio support system,

the orbital analysis shows that a large initial transient motion can be
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generated due to the suddenly applied unbalance force and that this motion

is not readily attenuated.

8.
state amplitude for both tuned and off-tuned conditions produces a satis-
factory transient response from the standpoint of rapid reduction of the
initial transient motion, improved system stability and reduction of the

The optimum damping based on mirimization of the rotor steady-

forces transmitted.
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APPENDIX A
DISCUSSION

A high speed rotor shaft may be considered as a continuous elastic
member with variable mass and inertia properties along its length. The
rotor shaft usually has attached to it such components as turbine or
compressor biades, impeller disks, or spacer assemblies or seals. |If
the axial dimensions of each rotor component is small in comparison to the
overal | length of the rotor, then each component may be treated as a con-
centrated mass with a polar moment of inertia equivalent to that of the
original component. |If the mass of the ccmponents are large in comparison
to the shaft mass connecting the components, then the shaft weight can
be neglected or considered to be located at the mass stations. |If the polar
moment of inertia of each section is ignored, then the stations may be
considered as concentrated masses, rather than distributed in the plane
of the rotor element. However, if the sections whirl in a plane, perpen-
dicular to the spin axis then the gyroscopic moments do not act on the
system and hence the equations reduce to the same as if point masses were

assumed.

The position vector of the nth mass center is given by

P=T +3. +35 +¢
Gb J 55 u

where
EL = vectoral bearing support deflection
3} = vectoral journal deflection
E; = vectoral shaft deflection
éL = displacement of mass center from the shaft centerline
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The system being analyzed has been reduced to a single mass rotor

mounted in idealized |inear bearings and the bearings are in turn mounted

on damped, elastic supports. By considering only small deflections, the

spring rate of the flexible, massless rotor shaft may be considered fo be

|inear.

The rotor disk (see Fig. 1) is considered to whirl

hence no gyroscopic moments are acting on the system.

in a plane and

The orthogonal support

and bearing spring rates are assumed symmetric and no cross coupling terms

are considered to be acting at the support housi

ngs. The aforementioned

assumptions allow The equations of motion of the system to be written as

total differential equations.

DERIVATION OF EQUATIONS OF MOTION

A.l Kinematics

The position vectors to the mass stations are given by

my: Dbearing L M/0
. - e
housing mass P = Xlnx + Yl“y
mp: rotor mass
P = (Xp + e CosB)R_ + (Y, + e sing)A
u X u y

The veiocities of the mass stations are given by

M/ ..
) = Xjn_ + Yin
- x y

_M,/0 . . R . . N

v = (X, - e 6sinb)n_ + (Y, + e Bcosb)n

u X u y
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B, T

A.2 Kinetic Energy
The kinetic energy of the system is given by
| 2 N | 3 3
T=x3 g MV V) + 5 ] Z 6159795 (A.5)
i=1 i=l j=I
neglecting the gyroscopic couples acting on the disc, the system kinetic
energy reduces to
T = 52+ V12) + 2 Mp[(Xp = @ 05in8)2 + (Y, + e 0C0s8)%]
! 02
t50 0 , (A.6)
A.3 Potential Energy
The potential energy of the system is composed of the sums of the
potential ene-gy of the flexible shaft, the potential energy of the bearings,
and the energy of support structure as follows
-1 2 2 2 2) &+ 2 2
V=3 [KS(XS Y2+ Kb(XJ. + Yj )+ K (X 71%)] (A.7)
where
XS = XZ = X] - Xj
A.4 Dissipative Energy
The system dissipative energy consists of the damping functions provided
by the bearing support system, the bearings, and the external and internal
rotor damping and the aerodynamic rotor cross coupling as described by
Al ford (4).
| . . . . . .
D= {C1(X12 + Y;2) + cb(xJ.2 + YJ.Z) + cs<x22 + Yy2)
S, o ’ o (A8)
+ ci[xS Y S 2wlY X sts)] + QUYXy = XpYp)} A.8
H
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The internal damping function is dependent upon the rotor precession rate
and can cause seif excited whirl instability when the rotor is operated
above the criiical speed (26). Alford has demonstrated that the aerodynamic
cross coupling stiffness term can also cause -otor instability when the
rotor speed is supercritical. When the system dissipation function is com-

prised of only the first three terms, the system is inherentiy stable.

A.5 Lagranges Equations

The governing equations of motion are obtained from Lagranges Equations

which state:

4 g 3 0 ¢ (A.9)
d+ 5 3 2g a.
a. 9. q- ~
where
L=T-V
The tota! number of equations of motion obtained will be equal ft2 the

number of degrees of freedom of the system which is seven and are given as

follows.

Rofqz

4(2: M2X2 + CSX2 + Ci(XZ Xl - XJ) + KS(XZ - Xl - XJ)

(A.10)

+QYy +wC. (Y - Y, Yj) = Mg fwicos(ut) + asinlwt))

Ya: Ma¥p + CYz +C,(Yp = ¥y - Y K (Y2 = Y= Y - 0%
(A1)

= wC, Xy = Xy - ,\J..\ Mg fwlsinlwt) = asin(ut))

33

U e dheavenaen T 0 T I Ve e S evae i b e e R, SARAAORRIN  SMNIINGS

i




o war e

— h—

Bearings

. - -
Xt (G # X = 006 = Xp) (K KX,

ALl 2)
- KS(XZ = Xl) - C|w(Y2 - Y1 - Yj) =0
. - - NS
Yj' (Ci + Cb)YJ Ci(Yz Y (Kb + KS)YJ
(A 13D
- KS(Y2 - Yl) + Clw(Xz = Xl - XJ) =0
Support
X1: MXy + (Cp + COXp = C (Xp = X))+ (K + KX
(A 14)
- - - C - - =N
KS(X2 Xj) Jiw(Yz Y1 Yj)
Yir MYy + (Cp + COYL = G Yz = Y0+ (kg + KM
(A.15)
- KS(YZ - Yj) + Ciw(xz - Xi - Xj) =0
Angular Acceleration
6: (®ZZ + MzeS)é + MzﬁpYzcosc ~ X,sin6
(A.16)

-~ 6(Yps n + X,c0s6)] = T, (8)

Where

The equations A.10 to A.15 may be vectorially combined by representing

the displacements in complex notation as fc.lows

34



¢
ZZ = XZ + IYZ )
- Z.=X. +1iY. (.7
J J
Zl =X + in )
i
I
o —-  ZpE#aZz v Cg hz~+4c{1z-u~ 7, - z ) + K (Zp =23 = 2 7 ;
o (A.19)
. . - 2 _ iyeiw? -
- iQZy - l(dci(22 Zy - Zj) = Mzeu(u - ia)e
Zj: ((:b + Ci)zj - C;(Zz -Zp) + (K ? KS)Z.j
(A.19)
- KS(ZZ - Zl) + iCim(Zz - - Zj) =0
Zy: WpZy + (€ + CIZy = C(Zp = Z) + (K # K)IZy :
i (A.20) f

- K (Zp = Z)) + (CulZ; - 2y-2) =0
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APPENDIX 8
TRANS |ENT COMPUTER PROGRAM FOR THE THREE MASS SYSTEM

rotor system ysed in the transient analysis is of considerably

greater ~omplexity than the equations used in the steady-state analysis.

in The more generai tvansient analysis, internal and aerodynamic cross

coupling may be incerporated in the rotor. The bearing may have 8 stiff-

ness and damping coefficients while the support system may have 4 stiffness

an¢ damping coefficients. Because of the more generalized treatment,

studies may be conducted on the stability of the rotor due to hydrodynamic

beari..g forces, internal friction, or aerodynamic cross coupiing. The
support system can be investigated to show the influence of the support

damping in promoting stability.

Equations of Motion

X2: MZ;Z + CS)-(z + Ci ().(2 - ).(1 - X.)
3 + KS(XZ - Xl - XJ.) + QY, + hﬁi (Yz - Yl - Yj)
; = Mzeuw2c05mf (B.1)
; Yz: M2Y2 + CSY2 + Ci (Yz - Yl - Yj)
: - - v oo - - -
+ KS(YZ Y1 Yj ) QX2 wCi (X2 Xx Xj )
= Mpe w?sinut (8.2)
; X.: 2M.(X; + X.) + (C. +2C__)X. - C, (X ~ X;)
; j J j i xx ] i
+ 2K+ KX, = K (X = Xy) = CiulYp = Yy = Y))
i .
X +20K. Y. +C_Y)=0 (B.3)
t xy J xy
g 36
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Y.: 2M.(Y; +Y.) 4+ (C. +2C ). = C.(¥s - ¥y)
J it i yy' ' it 1

(ZKYY + KS)Y - KS(YZ -Y3) + Ciu$X2 -X; - X))

J J

+ 2K X, + cyxij) =0 (8.4)
Xyt 2M)Xp + 2MJ.0'21 + SEJ.) +@2C  + X

- C; {ky - kj) 2K+ KX - KXy - X))

- CulYz = Yy =¥ =0 (8.5)
Yi: MY, + 2Mj(?1 + ?j) + (e, + COY,

- C,(Yy - ?j) + fley + KV - K (Yp = Y))

+ ClalXp = Xp = X,) = 0 (8.6)

The support equations can be reduced to the following form by using
Eqs. B.3 and B.4.

- R s wen L

A L . A

" e bde i 1 -

- . ) .
MX, + Clxxl + lexl Cxxxj vnyj
-K X.-K Y. =0 (8.7)
xx J xy J
MY +C. Y, +K Y, -C X. -C_Y.
ly 1y yXx J Yy J
-K X.-K Y. =0 (B.8)
3 yx J Yy J
i 37
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BE%};SS AM JULY 09, 1974 280200088000 00080 KIRKs R GORDON

COMMENTY
THISs PROGRAM CALCULATES THE TRANSIENY RESPONSE OF A SINGLEeMASS
FLEXIBLE ROTOR ON FLEXIBLE BEARING SUPPORTS (LINEAR) , THE RESULTS
ARE PLOTTED AUTOMATICALLY (SEE INPUT CARDS BELON) AND THE
INITIAL AND FINAL VALUES ARE PRINTED OHY ON THE LINE PRINTER,
THEY APPEAR IN THE CORRECT ORDER Tu BE TYPED QN DATA CARDS
TO CONTINUE THE MOTION IF DESIRED C(THAT IS CARD 3(4)),

END OF COMMENT)

THE INPUT Tg THE PFOGRAM IS AS FO(LONS @
CALL OATA IS IN FPREE FIELD )
COMMENTY

CARD § REACICRI/>THAX, HaN,CASND)
TMAX = NOo OF RADIANS SOL, IS TO BE SOLVED
H » STEP SI12E USED IN INTEGRATION PROCEDURE CTMAX/HST00)
N *" NOo OF EQS, TQ BE INTEGRATED
( = 12 IF SUPPORY » = g IF NO SUPPORT)
CASND = IDENTIFICATION NUMBER [XXXXXXXX)
CCMD, ICOAY), CYEARICCASE NG,))

CARD 2 READCCRs/»RPMoWoKsDS»CloQACIEUSN JaWY)

RPW » ROTOR SPEED » REV/MIN

N = ROTOR WEIGHT » LB,

K = ROYOR SHAFT STIFFNESS , LB/IN

DS = ABSOLUTE SHAFT DAMPING , LB*SEC/IN

Cl o INTERNAL FRICVIQON DAMPING , LB=SEC/IN

QAC = CROSS=COUPLING, LB/IN

EU » UNBALANCE ECCENTRICITY OF W IN MILS
LA 4 1 )

WJ = JOURNAL WEIGHT AY EACH END » LB,

nl = SUPPORT WEIGHY AT EACH BEARING , LB,

CARD 3 READ(CRa/sKXXIKYYsCXXsCYYIKXYIKYXsCXY2CYX)
BEARING STIFFNESS AND DAMPING OF EACH BEARING

CARD 4 IF N>8 THEN READCCRs»/sKIXoK1YsCIXsClY)
SUPPORY STIFFNESS AND DAMPING OF EACH SUPPORY

CAKD 5 (8) READCCR»/»FGR 1¢0 STEP 1 UNTIL N DULY{0,11))

0 IS FOR INITIAL TIME, RADIANS

1 = ABSOLUYE ROTOR DISP. » Xx=DIR,

2 = ABSOLUTE ROTOR VELOCIYY» X=DIR,

3 - ABS. ROTOR OISP. » Y.DIR.

4 = ABS, ROTOR VELe: » Y*DIR,

5565758 = SAME QRDER AS ABOVE FOR JOURNAL RELATIVE MOTION
9510511512 = SAME AS ABOVE FDR SUPPORT MOTION (JF REQUIRED)

CARD 6 (S)READCCRs/CS»ISCALE,XMINSOX»XMIN250X2»XMIN3»0X3)
CS = PLOTTER CONTROL 0 » Np PLOY 1 = PLOTY

ISCALE = SCALE CONTROL 0 = PROG, SCALE 1 = USE FOLLOWING INFO,
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KMIN = NO, TO APPEAR AT ORIGIN ROTOR OISLPACEMENT
Ox o SCALE INCREMENT PER INCH ROYOR DISPLACEMENY
XMIN2,DXZ = SAME AS ABOVE BUT FOR JOURNAL PLOT
XMINSsDXI = SAME AS ABOVE BUY FOR SUPPORT

CARD T (6) 1IF CS#0 THEN READ(CR,/,RP(CS)
RPCS = NOeo OF TIMES INTEG, FOR TMAX RADIANS IS Tp BE SOLVED

EXAMPLE DATA INPUTH
12,56,0,05,8,608,7101»
10000,675,280000,0»,0,0,0,5,312,50,
35‘000’60600007390065’ °1°l°iol
05°20,5205,0,"0,%2,"0,05,0+0,°0,0%,
;JODOJ0.0'OpOpO'

»

NOTE ON PLOTTING)
REQUEST ONE (1) BLOCK PER SET OF DATA
END OF COMMENTY )
X »==REPEAT THE SERIES FOR EACH CASE ===

INTEGER (€S 3

INTEGER I»JsNA,N}

BOOLEAN ISCALE )

BOOULEAN STABLE )

INTEGER RPCsRPCS)

INTEGER VvV 3

ALPHA ARRAY ALP1,ALP2(OLBYs ALPI»ALPASALPS»ALPOSALPTALPE,
ALPO,ALP10sALPI1,ALP12,ALPI3,ALP1asALPIS,ALPLI6,ALPITLIOII )
ALPHA ARRAY ALPHAL, ALPHA2(012);

ALPHA ARRAY ALP18,ALPIO(OSA)}

BLPHA ARRAY ALP20(038), ALP211018], ALP22(013]))}

ALPHA ARRAY ALP23,ALP2AL03A4])}

ALPHA ARRAY ALP25:ALP262ALP27,ALP28L0OITY)

ALPHA ARRAY ALP29sALPIO[O013])

REAL CASNO3

REAL K2XsK2Y,C2X»C2Ys WCXoWCY2 ACXs ACY}

REAL K11,K12,K13, K18 ,FMBH,FMBlsFMSHyFMSTI,TIMHB,TIMNS}

REAL TMAXM J

REAL FMSHH,FHBHH) TIMHBH» TIMHSM)

REAL QAC, Y ' IN2,DX2sXMAX2, XMINISDX3, XMAX3, YMINZSDY2,YMAX2,
YMINI»DY3I»YMAXI}

REAL 2702225219225 23,Z85255261275Z85295210 »Y02Y1,5Y25Y35Y4,Y5,
Y6,YT72Y85Y9,Y10)

REAL Y11oY12,08sCloNUsXKXXoKYYsCXX2CYYaKYIXsKIY>CIXsCLYS
REAL MJ»222,7320211521257130214,215,21622175218 HEU 3

REAL XAsHXA» XIoMXI2YAsHYA»Y]I»HYY 3

REAL TMAX , H,CC, R, OMEGA, DMEGAZ2 )

REAL NCS 3

REAL DUML,,DUM2,DUMI,DUME ,DUM22,0UMA2,REL oI M1, M101,C8,K1,KB,CH
REAL K25C2 )

REAL RPM, N XCDCO,DCHRADIM,DDCHNCT HNCRATIDLVENT,AA,DEN2,ACR,
XMAX, YMAX 3

REAL XMINs YMIN, DX, DY 3

REAL KXY»KYXpCXY,CYX}

REAL 219,220,221,2233
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LABEL ALLDONE » ACARD
REAL ARRAY A,B,Cr014),QsKK,Y(004,0812),F0012],AYLO32,08700) )

ARRAY BXR,BYR[01700]})
LABEL REPEAT}
FORMAT OUTOATA (X20E13,6sX2,F0,2,8(X2,E13,6)))

PROCEDURE MAXMIN (X,Y,NaH)Y} VALUE NoH)

REAL M) INTEGER N} ARRAY XsY(O0) 3
BEGIN

INTEGER I

X1 ¢ XA ¢ X{3) 3 Y] ¢ YA ¢ Y1) 3
FOR 1 ¢ 2 STEP 1 UNTIL N 0O

BEGIN
IF Xt1) > XA THEN
BEGIN
XA ¢ X[I)) MXA & I
END

ELSE BEGIN
IF xUI) <« x1 THEN BEGIN xI ¢ XxCI1 3 Hxl ¢ 1 3 END ) END 3
IF Yr1) > YA THEN

BEGIN
YA ¢ Y[1)) HYA ¢ 1 3
END
ELSE BEGIN IF Y(I] < YI THEN BEGIN YI ¢ Y{1) 3 HY] ¢ I SENDJIEND}
END
HYA ¢ (HYA=1) x H / 6,28 }
HY] ¢ (HYI®1) X H / 6,28 3
HX] ¢ (MXI=1) x H / 6,28 3
HXA ¢ (HXA=1) x H / 6428 3
END OF MAXMIN 3

PROCEDURE SAMESCALEC(XsYoNsXMIN,XMAXsDXs YMINsYMAX,DY)S  VALUE NJ
ARKAY X,Y[0) 3 INTEGER N J
REAL XMIN»XMAX,DXs YMIN,YMAX2DY)

BEGIN
REAL ANS, ANSX 3
INTEGER 13

ANS ¢ ABS (Y[11))3 ANSX * ALS (X[11))

FOR J ¢ 2 STEP 1 UNTIL N DO
BEGIN

IF ABS (Y[11) > ANS THEN ANS ¢ ABS (Y[I1))
IF ARS (X[J3) > ANSX THEN ANSX ¢ ABS (X([1)))
ENU}

IF ANSX > ANS THEN ANS ¢ ANSX}

IF AKS < 1 THEN

BEGIN

XMIN ¢ =13 DX ¢ 0,3333333333)

END

ELSE

IF ANS < 3 THEN
BEGIN

XMIN ¢ =3 5 DX ¢ 1 )
END

ELSE

IF ANS < 6 THEN
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BEGIN
XMIN & =53
Dx ¢ 23
END
ELSE IF ANS <12 THEN
BEGIN
XMIN e=123
DX ¢4}
END
ELSE IF ANS < 18 THEN
BEG]IN
XMIN ¢ =18 3 DX & 6 3
END
ELSE
PEGIN
XMIN ¢ = 22}
Dx «8)
END)
DY ¢ DX} YMIN ¢ XMIN}
] XMAX ¢ 3IxDX) YMAX ¢ 3IxDY)
END OF SAMESCALE )

PROCEDURE PLOTCHEK(Xs YN XNINs XMAX, YMINsYMAX)S) VALUE N3

. ARRAY X,Y t0)3 INTEGER Nj

REAL XMINsXMAXsYMIN,YMAXS

BEGIN
INTEGER I}
FOR T ¢ { STEP 1 UNTIL N 0O

BEGIN
IF X (1) > XMAX THEN X () & XMAX
ELSE

IF XTI) < XMIN THEN XI1I] ¢ XMINS
IF Y (1) > YMAX THEN Y(I] ¢ YMAX
ELSE
IF YII) <« YMIN THEN YI]I) ¢ YMIN}
END 3
END OF PLOTCHEKS

PROCEDURE ORBITTOP (1)

VALUE 1) INTEGER I 3

BEGIN

IF ] s 1 THEN
SYMBOL(1,50,9,00,,21,ALP1,0,28)

ELSE JF 1 = 2 THEN
SYMBOL(2,00+9,00,,21,ALP2,0218)

ELSE
SYMBOL(2,00,9.005,21,ALP350,18))
SYMBOL(5,00,9:50,C¢10,ALP30,»0,3)}
NUMBER(5,20,9¢50,0010,CASNO»0»4)}
SYMBOL(1,55,0:75,,.14,ALP25,0,24);
NUMBER(2,03,8:755¢14,AY(05,1)/6¢28+0,2))
K ¢K/730003 KXXeKXXsr 10003 KYYeKYY/1000) Ki1XeK1X/10003K1YeK1Y/1000)
SYMBOLCO 75,8 ,50,,18,ALP4 ,0,18)JNUMBER(1,35,8,505,14,RPMH 20,0}
SYMBOLC(3,75,8,50,,14,ALP6 ,0,19)SNUMBER(8,23,8,50,,14,EV »0,3)8
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r AP,

SYMBOL (O 75284255 o185 ALPS 50,47 IINUNBERCY ,23,8,25, 3400
SYMBOLC(3 75,8425, 018,ALP8 50,17 )INUNBERCAE,23,8,28,,14,0J
SYMBOLCO,7508,00, 145 ALPT 50,21) SNUMBERCY,23,8,00, ,145K
SYMBOLC(3,75,8,00,,14,ALP10,0,22)3NUMBERCA ,35,8,00,,14,KXX
SYMBOLCO 7507 (755 o2489ALPY 50,23) JNUMBERCY 2357 755 ,144DS
SYMBOLCI 7507 o750 o 105 ALP12s0,22)JNUNBERCE (3397 (TS5 (145 KYY
STMBOLCO,75,74500¢14,ALP11,0,23)INUNBER(L,23,7,50,,145C]
SYMBOL (37507 ¢505 o 14»ALP1A,0,28)NUNBERCA 35,7 ¢30s (185 CXX
SYMBOL(O,75,7.25,,18,ALP13,0,18)JNUNBERCY,12,7,25,,14,QAC
SYMBOL (375074250 o180 ALP 160,20 INUNBERCA ,3%,7 4255 ,142LYY
SYMBOLCO 75,7400, ,04,ALP{S,0,19)NUMBERCY A7 ,7,00,,18,NCX
SYMBOL (3,7557 .00, ,44,ALP1850,6 YINLABERCA,23,7,00,,185ACK
SYMBOLCO 75564755 ¢ 180 ALPIT20, 19 )3 NUNBERCT ,4T»6,755 (14, NCY
SYMBOL(3,7556.755,18,ALP20,0,6 IINUMBEARIA,23,6,75, 185 ACY
IF N > 8 THEN BEGIN

SYMBOL(D 756,500 38,ALP19,50,16)3NUMBERC],2326,505,14,5u1
SYMBOL (0 ,7506,275 ,14,ALP2150,21)JNUNBERC1,23,6,27s ,149K1X
SYMBOL(3,75564275 414,ALP22,0,28 )3 NUMBERCS,3556,275 ,145C1X
SYMBOL(O,75,6,05,,14,AP23,0,21)NUMBERCT,23,6,05,,18,K1Y
SYMBOL(3,75,6,05,,18,ALP24,0,28)3NUMBERCS,35,6,05,,14,C1Y
END}S

20,2)}5
0022))
20s3)3
10,333
20,200
20,31
»0,2))
20,2))
00,2)}
00,2))
105233
2052)8
20022
20,2))

20,2)9
29,3))
20,2))
50,30
20,2y

K ¢Kx10003 KXXeKXXX30005 KYYeKYYX1000) KiXeKIXX300Q0IKiYeK1YX1000)
END OF ORBITTOQP 3

PROCEDURE AGRID (XMIN,DXoYMINLDY)}3
REAL XMINsDX,YHINsDY}

BEGIN

AXISCO,000,ALPHALS 14,8,90,YNINIDY))
AXISCO,0,ALPHAZ,,»14,6,02XMIN,DX)}
AXIS(6s02ALPHAL, 056,90 YMIN,DY) ]}
AXISC6069ALPHAZ» 02691802 XMIN)DX Y}
END;

PROCEDURE FUNCTION (JrY)3

VALUE J3 INTEGER J3 ARRAY Y(0,0))
BEGIN

YOoeYLJo0O1)

YieY[Jsils

Y2eY({Ja2)$

Y3eYUJr31$

YaeYUJsA))

YSeY(Js513

Y6eYLJrb6]))

YTeY{JrT1}

YBeY(JsB))

IF N » 8 THEN BEGIN

YoeYlJ291}

Y10 ¢ Y{Js10)}

Y13 ¢ YEJr31)

Y12 ¢ Y(Jst21}

END)

FLo)] « 13

fti1l ¢« Y23

FL2) ¢ EUXCOSCYO)I=2ixY2=72x(Y2=Y10*Y6)
*ZIx(YIoYPeY5)aZaRYIe220( VIOV lioYD)}
FL3) ¢« yas B o
FUA] ¢ EUXSINCYO)oZixYAeZ2x(YA~Y12eY])
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BEGIN

END}

SL3I(YIOVLII YT )eZAYY 422%CY{®Y9 =V5);
IF N > 8 THEN BEGIN
F{9) ¢ Y10}

FUI0) & =Z30%(Z1I%Y94212xY 10021 INYSeZ1AXYSE 2 19XYT=220xY0))
FLig) ¢ Y123

FLE2) ¢ oZ10%CZ15xY 1 4Z16xY12°21TXY7=Z18xY8*22)%XYS°223%Y6,}
END ELSE FI9)eF{10JeFl11)eFL121¢0,0)

FL5) ¢« Y§)

FLE) & =FL10)=25x(Z6nY6=222x(Y2°Y10) +2TxY5

o232x(Y1eY9)e222x(Y3eY {uYT)eZ19XYT4220xY8)}
FIT) « Y83

FLB) ¢ *FL12) =25x(Z28xY8=7222x(Y4"Y12) ¢ 29xY7
®232%(Y3=Y11) & Z22x(Y1=Y9oY5)+721xY54723%Y6)}

END OF FUNCTION

PROCEDURE RKG (K»Y)s INTEGER K J
ARRAY Y(0,0)

BEGIN
REAL P 3 INTEGER I»J

FOR J ¢ 1 STEP 1 UNTIL & DO
BEGIN

FUNCTION (J=1sY) }
FOR 1 ¢ 0 STEP 1 UNTIL N DO
KK{Js1) ¢ F(11 3
FOR 1 ¢« O STEP § UNTIL N DO
BEGIN
P e AlJ) x (KKLJ,1) = BLyY x QLJy=1,1)) )
YUJell ¢ Yrd=1s1) ¢ H x

+ 3 x

J
P
Glyr1) ¢ QL y=isl) P = clyd x KK(Jsl1d 3}
ENDJ

END3
FOR J¢0 SYEP 1| UNTIL N DO

{

YlO,1)ev(4,1)}
0lO0,1)e0(4,11 )
AY(IsKleY(45]11)

FMBY ¢(Z83xY[0s5) ¢ 214xY(008] ¢ 219xYL057) ¢ Z20xY[0s81])#2
¢ (221xY[0,5) ¢ 723xY[0,61

IF FMBI>FMBH THEN BEGIN

FMBH ¢ FMBI3 TIMHB ¢ Y(0,0313 END;
IF FMSI > FMSH THEN BEGIN

FMSH ¢ FMSIJ TIMKS ¢ Y(0,0)) ENOD}

END OF RKGS

PROCEDURE TIMESTEP (TMAX, Hs Ns AY, NA»Y)YS
VALUE TMAX»HsNS

REAL TMAX,HJ INTEGER N» NA 3
REAL ARRAY AY([O0,)] 3
ARRAY Y[0s01

BEGIN

BEGIN

INTEGER 1.,J,K) LABEL REPEAT 3
FOR J¢0 STEP | UNTIL N DO
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Ql0,1)¢0)
AY(I,1)e¢Y(0,51)}

ENOS
FMBH ¢CZ13IXY({055) ¢ Z214%XY(006) ¢ ZEIOXY(O0,7) ¢ 220%Y[0,8))%2

¢ (Z21xY(0,5) ¢ 723xY(0s6) ¢ UITnYLO0,7) ¢ 218xY(0,8])+2

FMSH ¢ (211%YL0s9)4242xYL0s10)1)024(245%Y00s11)4216XYI0012]))¢2 )
TIMHB ¢ YLO0»013 TIMNS ¢ Y{[(0,0)}3
Kei}

REPEAT?S
Keket}
RKG (KrY)}
IF YLO0s0)<TMAY THEN GO TO REPEAT 3
NAeK}

END OF TIMESTEP)

Al1] ¢ C[1) ¢ CtA) ¢ 0,5 )
AL2]1 ¢ CT2) ¢ 1=SAQRT(0,5) )
At3) ¢ CL3) & (4SQRT(0,5) )
ALa) ¢ 1/6 )

Bl1] ¢ BI&) ¢ 2

Bl2) ¢ B(3]) ¢ 1}
WRITS(LPs< / /75 X10,%¢nvaee SMFROLS #vndes®,//,
THIS PROGRAM CALCULATES THE TRANSIENT RESPONSE OF A SINGLEeMASS®™,/,

"FLFXIRLE ROYOR ON FLEXIBLE BEARING SUPPORTS (LINEAR) , THE RESULTS",

/»“ARE PLOTTED AUTOMATICALLY CSEE INPUT CARDS BELON) AND THE ®o/s
"INITIAL AND FINAL VALUES ARE PRINTED QUT ON THE LINE PRINTER, %9/
"THEY APPEAR IN THE CCRRECY ORDER TU BE TYPED ON ODATA CARDS “s/»
*TO CONTINUE THE WMOTION IF DESIRED C(THAT IS CARD S5(4)), “s/»
/77" THE INPUT TO THE PROGPAM S AS FOLLOWS 1 By />

* (ALL DATA IS5 IN FREE FTELD ) wel/>»

® CARD | READ(CR»/»TMAX,HyN,CASNO) /s

" TMAX = NOo OF RADIANS SOL, IS TO BE SOLVED ®s/»

" H = STEP SIZE USED IN INTEGRATION PROCEDURE CTMAX/HST 00) “s/»

" N = NO, OF EQS, TQ BE INTEGRATED />

" { = 12 IF SUPPORT « s 8 IF NDO SUPPORT) "/

® CASND = IDENTIFICATION NUMBER [XXXX XXXX) ™»s/»

" TCMOG)CDAY Y LYEARICCASE NOg)] *"s/s
/775" CARD 2 READ(CR»/»RPMaWsK»DS,CIsQAC,EUNJINT) " /»

" RPM = ROTOR SPEED » REV/MIN ",/

" W * ROTOR WEIGHY » LB, %y/»

®* K » ROTOR SHAFT STIFFMNESS » LB/IN "/

" DS = ABSOLUTE SHAFT DAMPING , LBeSEC/IN ",/

® CI = INTERNAL FAICTION DAMPING » LB=SEC/IN “,/

* QAC e CROSS=COUPLING, LB/IN ®s/»

® EU o UNBALANCE ECCENTRICITYY OF W IN MILS “sls

] ovew “o/»

" wJ o JOURNAL WEIGHT AT EACH END , LB, ®y/s

" N1 = SURPORY WEIGHT AT EACH BEARING » LB, "5/
/7" CARD 3 READCCRs/sKXX2KYYoCXAXsCYYRKXY2KYX2CXYsCYX) ®s/»

" BEARING STIFFNESS AND DAMPING OF EACH BEARING /s
//7:" CARD & 1F N>8 THEN READCCRs/»K1X2K1YsCIXaC1Y) Nyl

® SUFPORT STIFFNESS AND DAMPING OF EACH SUPPORT R /»
//7+" CARD 5 (4) READCCRs/»FOR 1e¢0 STEP § UNTIL N OQOCY(O0»1)1) LYY

® 0 IS FOR INITIAL TIME, RADIANS %5/
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//,

YA

/7,

//»

//»

ABSOLUYE ROTOR DI1SP, » X=DIR, "/

ABSOLUYE ROTOR VELCLZITY» X*DIN, R/

ABS, ROTOR DISP, » YeDIR, "y/»

ABS, ROTOR VEL. » Y*DIR, Re/s

556,7»8 = SAME ORDER AS ABOVE FOR JOURNAL RELATIVE MOTION "s/s
9210011512 = SAME AS ABOVE FOR SUPPORT MOTION (IF REQUIRED) "»/»
CARD 6 (S)READCCR,,/CS»ISCALE,XMIN,DXpXMIN2,DX2,XMIN3,0%x3) %/
CS = PLOTTER CONTROL 0 = NO PLOT 1 = PLOT "y/»
ISCALE = SCALE CONTROL 0 = PROG, SCALE 1 = USE FOLLOWING INFOD."
XMIN = NO, TO APPEAR AT ORIGIN ROTOR DISLPACEMENT "y />
DX = SCALE INCREMENT PER INCM ROTOR DISPLACEMENY "o/
XMIN2,0X2 = SAME AS ABUVE BUT FOR JOURNAL PLOT "/
XMIN3»DX3 = SAME AS ABOVE BUYT FOR SUPPORT ®s/»

CARD 7 (6) IF CSs0 THEN READCCR,/,RPCS) ",/
RPCS = NO. OF TIMES INTEG, FOR TMAX RADIANS IS TO BE SOLVED "y /s
* EXAMPLE DATA INPUTI "o/

"12:56,0,0558,608,7101, /s

"10000,6755,2800002,02050,0,55312+%0, "»/>»

*351000,606000,739,865, -",/-

"05,05,0,050,0,0,0,0, Wy />

"1,0,0,0,0,0,0,0, ™“:/,

s $ 3T 3 32T 2
2 WA ea
T e 00

2T 3 3 %3

"S, ",/

" NOTE ON PLOTTING!S "s/»

" REQUEST ONE (1) BLOCK PER SET OF DATA /s

" eesREPEAT THE SERIES FOR FACH CASE === ">)$
mRITECLPIPAGE))S

WRITE(LPs <" PLOTTER QUTPUT INFURMATION AND SUGGESTIQNS™»//>»
"MAKE YMAX A MULTIPLE OF 6,28 (BUT LESS TYHAN °5 If H=0,05) "/
"A REASONABLE VALUE OF H IS 0,0% WHICH GIVES 125 STEPS PER ",»/»
"CYCLE OF RUNNING SPEED FOR THE INTEGRATION."s//»

"TWNO (2) MINUTES PROCESSOR TIME 1S HEQUIRED FOR 10 CYCLES OF "»/,»
"SOLUTIUN FOR N = 8, ",/,

"THREE (3) MINUTES PROCESSOP TIME IS REQUIRED FOR 3§10 CYCLES OF ", /,
"SOLUTION FOR N = $12, ",/

/o%"A SMALL CIRCLE APPEARS ON YHE ORBIT EVERY 6,28 RADIANS OF *,/,
"SOLUTION AND IS EQUIVALENT TO A KEY PHASOR MARK ON A CRO TRACE",/»
"THIS IS TRUE ONLY WHEN TMAX IS A MULTIPLE OF 642¢8,"»/,

"A PLUS SIGM APPEARS AT THE POINT THE SOLUTION 19 INITYALLY STARTED
"s/s"0R CONTINUE)D WITH RPCS > 1y "»//»

"WHEN N = (2, THE ABSOLUTE JOURNAL MOTION APPEARS AS A DASHED",/,
"LINE AND THE RELATIVE MQTION APPEARS AS A SQLID LINE. "»//>»

"THE CROSS COUPLING TERMS FNOR THE BEARINGS ARE NUT PRINTED QUT"»/»
"ON THE PLOTTER OUTPUT 8UT THEY DO aAPPEAR ON THE LP OUTPUT, ",/»
"AS A SUGGESTION YOU COULD PUT A NEGATIVE CASE NyUMBER WHEN AND ",/,
"IF THE CROSS COUPLING TERMS FOR THE BEARINGS ARL NOT ZERO ,",/»
"THIS WOULD INDICATE TO LOOK AT THE (P I«D FOR THE VALUES">)}

ACAKD

FMSHK ¢ O0,u)} FMBHH ¢ 0,07}

VV ¢ 1 }

RPC ¢ 13

READ C(CR»/,TMAXsHsN,CASNOILALLDONE))

READ(CR»/sRPMsWNsKsDS,ClaQACIEUINJINE)}

READCCRI /o KXXaKYY 2 CXXoCYYr KXY KYX2CXY2CYXYS

IF N > 8 THEN READCCRs/sKIXoKLiYsCiXsClY)}

READ(CRs/sFOR Je¢0 STEP § UNTIL N DO (Y[O0211))3

WRITECLPLPAGE) )}
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23]

WNRITECLP,<"INITIAL CONDITIONS"?)}

WRITE(LPs<F11,6>,FOR I ¢ 0 STEP 3 UNTIL N DOLY(0,1))))
READ (CRo/»CSoISCALE,XMIN,DX)XMINZSDX2,XMINI,DX3)}

IF CS ¢ 0 THEN

READ(CR,/»RPCS)}

RAD ¢ RPM x 0,1047 3

M e N/ 386

M1 ¢ H1/7386 3

MJ ¢ WJ/386,0)

22 ¢ Mx RAD)

2712 ¢ 12%RAD}

21 ¢ DS/273 (2e¢C1/273 13¢K.222) 78¢0AC/2722)

IS¢ M/MJ} Z6¢(CT42XCXX)/7(2%22)) 222¢22/2}
LTe(2xKXX4K)/(2%222)3 213223/2}
ZBe(CIe2xCYY)/(2%2L)) Z96(2XKYY+K) /(2827 2))

IF N > 8 THEN

Z10e M/M1) Z11eK1X/27223 Z12¢Ci1X/22) 213¢KXX/2223
Z14eCKX/2L3 2115¢K1Y/27223 216¢CIY/Z2}

217¢XKYY/ 2223 118¢CYY/273

Z19eKXY/Z223 220¢CXY /223 723¢KYX/2223 223¢CYX/LZ)
K2X ¢ (2%XKXXXKX{KISXKXX)+AXKX(RADXCXX)IN2)/((K*+2XKXX)n2 ¢
QX(RADXCXX)*2)}

K2Y ¢ (2xKYYxKx(K42xKYY) ¢ BxKxCRADXCYY)In2)/ ((K+2xKYY)#2 o
Gx(RADXCYY)I*2))

C2X ¢ 2XKXKXCXX/ ((2XKXX4KI*®*2 & AXCRADXCXX)*2) + DS

C2Y ¢ 2MKXKXCYY/((2XKYY+KI*2 ¢ Ax(RADXCYY)*2) ¢ DS )
NCX ¢ SQRT(2XKXKXX/ ((2XKXX$KIXM)) J

WCY ¢ SQRT(Z2XKXKYY/ ((2XKYY4KIXM)) )

ACX ¢ K2X/7(WCXxC2X) 3}

ACY ¢ K2Y/(WCYXC2Y) 3

WCX ¢ WCX/0,10473 WCY ¢ NCY/0,10473
TMAXH ¢ TMAX
TMAY ¢ TMAX ¢ Y[0,0)3
REPEATI RPC ¢ RPC + 1
TIMESTEP (TMAX» Ha Ns» AYsNAsY)}
WRITE (LPIPAGE)))
WRITE (LP»<X35,"QRBITAL MOTION OF THE SINGLE MASS UNBALANCED =,
"ROUTOR™,//7/>))
WRITECLP2<X2,"CASE NOo"sF11¢85//5X2,"ROTOR NEIGHT s¥,
F943»™ LBe™sX12,"ROTOR SPEED s™sF10,2,™ RPM",/,X2,
"ROTOR STIFFNESS ="™,F11,8," LB/MIL"»X3,
"UNBALANCE 3", F8,3," MILS",/»2x2»
"SHAFT DAMPING =",F8,3," LB=SEC/IN", X6,
TINYERNAL DAMPING 3" ,F9,3," LB"SEC/IN"»/5»X2»
PCROSS COUPLING ="»F9,2, ™ LB/IN"2//,X2,
"BEARING STIFFNESS"™, X11,"BEARING DAMPING™,/»X3»
PUXX B"HF10432™ LB/MIL")XEs"CXX E"F 103" LB®SEC/IN",/5X3>»
"KYY B",F1043s" LB/MIL™oX62"CYY 8",F10,3," LE*SEC/IN™>,
CASND2W2RPMIK/10004,0,EUsDS»CI»QACPKXX71000,0,CXXsoKYY/1000,0,CYY))
WRITECLPS<X3p"KXY 3" ,F10,3,™ LB/MIL")XEs"CXY 8"5F10,3," LB=SEC/IN",
/2X3 "KYX 3",F10,3," LB/MIL"»X62"CYX B",F10,3," LB=SEC/IN">
2KXY/3000,02CXY2KYX/1000,02CYX)}
WHITECLPL<X3,"WEIGHT OF EACH BEARING B",F9,3,™ LB«"r//>WJ)}
IF N > 8 THEN
WRITE(LP»<X2,"SUPPORT STIFFNESS™»X13,"SUPPORT DAMPING™»/sX3>»
"KIX ST HF10,35% LB/MIL"sXEs"CIX 2", F10,3," LB"SEC/IN"»/5X3)»

46




FRIFINORL gy T OUTY

et

"KLY ®"5F10¢3," LG/MIL®X6,"CIY 8",F10,3," LB"SEC/IN"»//>)
K1X/73500,0,C1XsK8Y/1000,0,C1Y)}
WRITE(LPs<X3,"WEIGHY OF EACH SUPPORT =",F9,3,

IF N > 8 THEN
" LBe"s//>sNW1))

WRITECLP 2 <XAs " THAXHS®,F 8,25/, XTs"N 8% [3,/,XT»"H S",F8,.3,/,X4
®RPCS =", Ja>)THAXKI N, HpRPCS)}

IF €S # 0 THEN

BEGIN

IF VvV = § THEN
PLOT (2502=4))

FILL ALPHAL(#) WITH »yeDIR,","
FILL ALPHAZ[*) WITH *X=DIR,","
FILL ALPY [#%] WITH
FILL ALP2 [#*) WITH
FILL ALP3 [#) WITH

BEGIN
PLOT (2,0,=5)3

FILL ALPA (*) WITH "N = ",n

FILL ALRS [ WITH W2
FILL ALPS [*) WITH "gU
FILL ALP7 [*] WIYH "KS
FILL ALPS (%] WITH "wJ
FILL ALP9 [*] WITH "cS

nyn
",n
",n
n,n
w,n

FILL ALP10OC*) WITH "KXX = ",®
FILL ALP{1IC*) WITH "CI = ®,»
FILL ALP120*) WITH "KYY = m,"
FILL ALPI3L*) WITH "Q = b

FILL ALP14[#) WITH "CXX
FILL ALP13C*) WITH "WCX
FILL ALP160#*) WITH "CYY
FILL ALPI7[*] WITH "WCY
FILL ALP18[*) WITH "ACX
FILL ALP20C#*] WITK ™ACY

w,n
",n
nyn
",n
"
")

IF N > 8 THEN BEGIN

FILL ALPI9C#) NITH "W1 = w,n
FILL ALP21t*] WITH "KiX = ","
FILL ALP22(+*] WITH "CiIX s ","
FILL ALP23[#*] WITH "KiY = %,»
FILL ALP2a[*) WITH "C1Y = ","

END}

FILL ALP25(%) WITH "CYCLES™,"
FILL ALP26[*) WITH "FU = ®,»
FILL ALP27(*] WITH ®"TRDB =w,n
FILL ALP28(+*] WITH ®TRDS sw,»
FILL ALP29(*) WITH "FB = w,w
FILL ALP30OC*] WITH "NO, ")

END 3
VV ¢« VV ¢+ 1 3
BEGIN
REAL KIRKRG }

FOR J ¢ 0 STEP § UNTIL N DO
YUO,1) ¢ AY(IsNA)
WRITECLP»<X2,"END CONDITIONS FOR RPC =%, ]3>,RP(®1))
WRITECLPs<F11,6>,FOR 1 ¢ 0 STEP {1 UNTIL N DOLY(0s1)))3
I*¥ N > 8 THEN BEGIN
FOR [ ¢ 1 SYEP 1 UNTIL NA DO BEGIN
BXRLIY ¢ AYI[S»1)eAY(9,1)}

(MIL"»*S)
(MIL"»"S)

"y "RPM
"ﬂ L

L
L

L
LB

232 3T 3T 33333 33 13
"% % % %Y ue e weew
32 3 33 3 33332 33 2

L
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PABSOLU™,*TE ROT","0R MOT®,®»I0ON ¥ |
" JOURNA®, "L MOTI","ON
®SUPPOR™,*T MOTI"™,"ON

Ll |

ol |

")
a. ")
MIL®,"S |
LB/%,MIL ",
B, ")
BoS®,"EC/IN ")
LB™s®/MIL ")
ReS®,"EC/IN ")
LB, "/MIL "3
/IN™}
LBe","SEC/IN"}
RPw, M "
LBe","SEC/IN"™}
RP®, "M s |

A

LB/","NIL ")
LB=","SEC/IN")
LB/","MIL e
LB="»"SEC/IN"}

T*» "HROUGH"}
LBe"s® "y

" ( ""

" ( "™

LB")

"}
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BYRLI) ¢« AYL7,11¢AYL11,1))
END,

END)

IF I1SCALE THEN BEGIN

IF VvV € 2 THEN BEGIN

XMAX ¢ YMAX ¢ 3 x DX )

YMIN ¢ XMIN 3} DY ¢ DX

XMAX2 ¢ YMAX2 ¢ 3IxDX2}3

XMAXY ¢ YMAX]3 ¢ 3Ix0D3:3)

YMIN?2 ¢ XMIN2 3 DY2 ¢ DX2)

YMIN3 ¢ XMINY) DYI ¢ Dx3)

END}

PLOTCHEKCAYL Lo ®)p AY[ 3o %) s NASXMIN) XMAXs YMINSYMAK))
SCALES C(AY[3,*),NA,YMINSDYLCS))

SCALES (AY[1,*),NA»XMINDX»CS)3
PLOYCHEKCAYISo %) o AY[ 7o 2] oNASXMINZ2s XMAX2)YMIN2s YMAX2)YS
SCALESCAYLS,#),NA»XMIN2,DX22CS)}
SCALESCAYIT,» 1, NASsYMIN2,DY22CS )}

IF N > 8 THEN CEGIN

I ¢« 113

PLOTCHEKCAYIO %) oAYLTon]oNASXMINI» XMAXIoYMINI» YMAXI) S
SCALESCAY[TI»o1)NASYMIN3,DY32CS)S
SCALESCAYIO,#) o NA2 XMINI»DX30CS)}
PLOTCHEK(BXR,BYR,)NA,XMIN2, XMAX2 YMIN2» YMAX2)Y}
SCALES(BYR,NA»YMINZ,DY2,CS))
SCALES(BXR,NA,XMINR,DX22CS5))

END}S

END

ELSE

BEGIN

SAMESCALECAY[ 1o %) aAYT3o#] o NA,XMINs XMAX,DXs YMIN,YMAXsDY)}
PLOTCHEKCAY (1 ,0),AYT3,¢),NASXMIN,XMAX YMIN,YMAX)})
SAMESCALECAY(Saw]sAY[To*)sNA,XMINZ, XMAX2,DX2,YMIN2,YMAX2,0Y2)}
PLOTCHEKCAY(Ssa)pAY{TowlpNAPXMIN2s XMAX2)YMIN2s YMAX2)}
SCALES (AY[3,*)sNA»YMINSDY,»CS))

SCALES CAY[1,%)sNA»XMINSDX»CS)Y)
SCALESCAYIT»#),NA»YMIN2,0Y25C8))
SCALESCAYLS,0),NA,XMIN2)DX22CS)}

IF N > 8 THEN BEGIN
PLOYCHEK(BRXRsBYRANA,XMIN2, XMAX22 YMIN22YMAX2)}
SCALES(BXR,NA»XMIN2,DX22CS))
SCALES(BYR,NA»YMIN2,DY2,CS))

1 ¢ 11)
SAMESCALECAY[9,%)AY[T1,0] ,NA,XMINI ,XMAXI DXI,YMINI,YMAX3I,DYI))
PLOTCHEKCAY[9s o)AV I» 2o NASXMINI o XMAXI»YMINI»YMAX3))
SCALESCAYLI» %), NAsYMINISDYIr(CS)}
SCALESCAYI 9,2, NA,XMIN3SDXI2CS))

END}

END 3

IF vV £ 2 THEN

BEGTN

ORBITTOP(1)Y}

AGRIDCXMINSDXs YMINSDY )}

ENDS

SYMBOLCAYL12135AYL 3515 01A45ALPHAL»0s"13)}

XA ¢ 6,28/M} h ’
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FOR T ¢ XA STEP YA UNTIL NA DO
SYKBOLCAYI30]J]oAY{301)s0,075ALPHAL,0,°8))
LYNECAY(S»0) -AYI3,%),NASCS))
PLOT(12,0,=5))

IF V¥ S 2 THEN

BEGIN

ORBITTOD(2))

ABGRIDCXMINZ»DX2,YNIN2,0Y2)Y)

END:
SYMBOLCAYIS»110AYLT7510,0,185ALPHAL,0,"13))
FOR 1 ¢ XA STEP XA UNTIL NA pO
SYMBOLCAYIS»1)sAY(7511,0,070ALPHAL,0,°5))
LYNECAY(See)oAY[Ts®]),NANCS))

IF N > 8 THEN BEGIN
SYMBOL(BXRI13sBYR[1),0,14,ALPHAL,0,=13)}
FOR | e XA STEP XA UNT]I_ NA DO
SYMBOL(BXRIIIsBYRL])s0,07,ALPHAL,C,=5)}
DASML INECBXR,BYR,)NA,CS)}

END}

PLOTC(12,02°5))

IF N > 8 THEN REGIN

IF vv S 2 THEN

BEGIN

ORBITTOP( 3y}

AGRID(XMINISIDXIsYNIN3,DY3))

END)

J e 113

SYMBOLCAYIS»1)sAY Vr1ls0,18,ALPHAL,0,=13))
rOR I & XA STEP XA UNTIL NA DO
SYMBOLCAY(®»)sAY{Js11s0,072ALPHAL» 0,55y}
LYNECAY[O22],AY[Jrs®),NALCS)S

END)

ENDS

WRITECLPIDBL])Y)

N ITECLP-<"TRDBeKWAX = ",F11,4," AND OCCURS AT "» F7,2,
® CYCLES™>,IF EUsQ,0 THEN SQRT(FMBNIX2,0 ELZE SQRY(FMBHIX2,0/EU»
TIMHB/6,28)}

IF N>8 THEN

WRITEC(LP,<"TRDS"MAX = "sF13,4: “AND OCCURS AT "™»F7,2,

" CYCLES">»,IF EU=0s0 THEN SQRT(FMNSH)X2,0 ELSE SQRT(FMSH)IX2,0/EU»
TIMHS/6,28))

WRITEC(LP2<"UNBALANCE STIFFNESS = ",F11,2, " [B/MIL",X2,
¥AND UNBALANCE = ",F8,3," NILS™>,222/1000,00EV))

IF FMBH > FMBHH THEN BEGIN

FMBHH ¢ FMBH} TIMMBH ¢ TIMHB)

ENDJ

IF FMSH > FMSHH THEN BEGIN

FMEHH ¢ FMSH} TIMHSH ¢ TIMHS)

END3

IF RPC S RPCS THcN

BEGIN

PLOT(=2450,=5))

TMAX ¢ TMAX 4 TMAXM}

ISCALE ¢ TRUES

GO YO REPEAT)
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END}
IF EU & 0.0 THEN BEGIN
FMBHH ¢ SOQRT(FMBHH)X2,0}
FMSHH ¢ SQRV(FMSHH)X2,0}
END ELSE
BEGIN
FMBHH ¢ SQRT(FMBHH)X2,0/EU)
FMSHM ¢ SQORY(FMSHH)X2,0/EU}
END3
TINnKBH ¢ TIMHBN/6.,28)
TIMHSH ¢ TIMHSH/6,28)
PLOT(*24,0,°5)3
IF N=8 THEN BEGIN
SYMBOL(O,75+6,50,0,14,ALP29,0,18)}
NUMEERCY .23’6 .50;0.Xl,fﬁBHNle?!tUIlOO0.0.0.!)l
END)
NUMBER(A,3128,7554,38,AY(0sNA)/6,28,0,2)}
SYMBOL(3,7556¢50014,ALP2650,21)}5
NU"BIR(‘023’60501 01"712/‘00000.EUDOD 3),
PLUT(32,02~5))
IF N=8 THEN BEGIN
SYNBOL(0,7556.50,0,145ALP2920,18))
NUMPERC 142356¢50,0. 14)FMBHNXZZ2xEVU/ 1000,050,3)}3
END3
NUMBER(A,23158.75,,18,AYI0,NAY/6,28,0,2))
SYMBOL(3,75,6,505 418, ALP27,0,248)3NUMBER(E,35,6,50s ,14,FMBHH,0,3)}
NVMBER(S5,83,56,¢50,414,TIMHRH0,2))
PLOT(12,05=5)3
IF N>8 THEN BEGIN.
NUMBERCA,31s84755¢140AYLOsNA)/6,28,0,2))
SYMBOLC3 756,509 438,ALP28,50,28 ) 3NI'MBERCE,35,8,30s ,185FMSKNCr3)}
NU;BER(5.‘3:6.50’c‘l)TlHHSH:Onz)]
END;
PLOT(12,0,=5)3
GO YO ACARD 3
ALLDONE 13
PLOTC1,C =33
ENDS
WRITE (LPLPAGE))}
Ei WRITE (LPs<™TOTAL PROCESSOR TIME & ™, F6,25X1»"MINUTES™>,
TInEC2) /7 3600 ) 3
WRITE (LPIPAGE ) » <™TOTAL I=0 TIME = ", F§,2» X1, "MINUTES"™ >
TIMEC3) /7 3600 )
END,
ARCTAMN IS SEGMENT NUMBER 92080,”RY ADORESS 1S 0117
COS 1S SEGMENT NUMBER 0081,PRT ADDRESS IS 007S
EXP IS SEGMENT NUMBER 0082,PRT ADDRESS IS5 0072
LN IS SEGMENT NUMRER 0083,PRY ADDRESS 1S 0071
SIN IS SEGMENT NUMBER 0084,PRT ADDREZSS IS 0076
) SQRT IS SEGMENTY NUMBER 0085,PRT LDDRESS IS 0436
¥ DUTPUT(W) IS SEGMENT NUMBER 0086,P2Y ADDRESS IS 0440
7 BLOCK CONTROL IS SEGMENTY NUMBER 0087:.PRY ADDRESS IS 0005
N INPUT(W) 1S SEGMENT NUMBER 0088,PRT AGDRESS IS 0aaA
K X TO THE ] 1S SEGMENTY NUMBER 0089,PRY ADORESS 18 0073
3 GO TO SOLVER IS SEGMENY NUMBgR 0090,PRY ADDRESS IS 0065
- ALGOL WRITE IS SEGMENT NUMBER 0091,PRY ADDRESS IS 00%a
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ALGOL READ

COMPILATION TIME(SECONDS)S PR = 14 170 = 162
NUMBER OF ERRQRS DETECTED = 000, LAST ERROR ON CARD ¢

NUMBER OF SEQUENCE ERRORS COUNTED = O
NUMBER OF SLOW WARNINGS = 0,
TOTAL SEGMENT SIZE=s 3952 NORDS,

PRT SIZE= 334)
360 SgGS,. ) NO, SEGS.® 95,

DISK STORAGE RgQ,=
ESTIMATED CORE STORAGE REQUIREMENY = 15355 WORDS,
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]S SEGMENT NUMBER 0092,PRT ADORESS IS 0015
ALGOL SELECY IS SEGMENY NUMBER 0093,PRT ADODRESS IS 00ts
FILE ATTRBUTS IS SEGMENT NUMBER 0094,PRT ADDRESS IS 003)
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PLOTTER OUTPUT INFORMATION AND SUGGESTIONS

MAKE TMAX A MULTIPLE OF 6,28 (BUT LESS THAN 35 IF He0,0%)
A REASONABLE VALUE OF M IS 0,05 WHICH GIVES 123 STEPS PER
CYCLE OF RUNNING SPEED FOR THE INTEGRATION,

TwO (2) MINUTES PROCESSOR TIME IS REQUIRED FOR 10 CYCLES OF

SOLUTION FOR N = 8,
THREE (3) MINUTES PROCESSOR TIME IS REOUIRED FOR 10 CYCLES 0F

SOLUTION FOR N » 12,

A SMALL CIRCLE APPEARS ON THE ORBIT EVERY 6428 RADIANS OF

SOLUTION AND ]S EQUIVALENT TO A KgY PHASOR MARK ON A RO TRACE
THIS IS TRUE ONLY NMEN TMAX IS A WULTIPLE OF 6,28,

A PLUS SIGN APPEARS AT THE POINT THE SOLUTION 1S INITIALLY STARTED

OR CONTINUED WITH RPCS > 1,

WHEN N & 12, THE ABSCLUTE JOURNAL MOTION APPEARS AS A DASHED
LINE AND THE RELATIVE MOTION APPEARS AS A SOLID LINE,

THE CROSS CGUPLING TERMS FOR THE BEARINGS ARE NQT PRINTED QUT
ON THE PLOTTER OUTYPUT BUT TMEY 00 APPEAR ON THE LP OQUTPUT,

AS A SUGGESTION YOU COULD PUT A NEGATIVE CASE NUMBER WHEN AND
IF THE CROSS COUPLING TERMS FOR THE BEARINGS ARE NOT ZERD .
THES WOULD INDICATE TO LOOK AT THE LP 10 FOR THE VALUES

52

,,,,,,,

Teme T e



2 Tt TR D

ORBITAL MOTION OF THE SINGLE MASS UNBALANCED ROTOR

CASE NO, 707,7300
ROTOR WEIGHT s 675,000 LB, ROTOR SPEED s 30000,00 RPM
ROTOR STIFFNESS = 280,0000 LB/MIL, UNBALANCE = 0,500 MILS
SHAFT DAMPING = 0,000 LB=SEC/IN INTERNAL OAMPING = 300,000 LB=SEC/IN
CROSS COUPLING = 0,00 LB/IN
BEARING DAMPING
KXX ® 351,000 LB/MIL Cxx = 739,000 LB=SEC/IN
KYY & 606,000 LB/MIL CYY s 865,000 LB=SEC/IN
KXY » 0.000 LB/MIL Cxy = 0.000 LB=SEC/IN
CYyx = 0,000 LB*SEC/IN

AYX ® 0,000 LB/MI.
wEIGHT OF EACH BEARING = 312,000 LB,

BEARING STIFFNESS

THMAXH= 12,56
NS 8
H e 0.050
RPCS = 5
END CONDITIONS FOR RPC = 1§
75.400000
*0,758303
=0,497459
1,748020
=0,~37636
0,368998
=0,2085%504
0,435189
0,060088

'S POOR,

L PAGE

TRDB=MAX = 0,7590 AND OCCURS AT 11,82 CYCLES
1916495 LB/MIL AND UNBALANCE = 0,500 MILS

UNBALANCE STISFNESS =

' OF THE ORIGINA

INITIAL CONDITIONS
62,800000
*1,890000

0,3163980
*0,801630
*1,133000
«0,353260
=0.167480
0,128290
=0,1072060
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NOMENCLATURE

T o -
i

+

K2

ﬁcr Amplification factor at rigid support critical = ;;5; (DIM)
Aj Complex bearing amplitude, in
Ay Complex support ampiitude, in -
A, Complex rotor amplitude, in
c Damping ratio = C;/C, (DIM)
C, Bearing damping, Ib-sec/in
C. Critical damping coefficient, Ib-sec/in
C, Rotor internal damping, Ib-sec/in .
CS Absolute shaft damping, Ib-sec/in
C1 Support damping, ib-sec/in
C, Effective rotor-bearing damping, Ib-sec/in
e, Rotor mass eccentricity, in
F1 Force transmitted to foundation, Ib
Fb Force transmitted to bearing housing, Ib
K Stiffness ratio, K;/K,
Kb Bearing stiffness, 1b/in
Ks Rotor-shaft stiffness, ib/in
Ky Support stiffness, Ib/in
Ky Effective rotor-bearing stiffness, Ib/in
M Mass ratio, = M;/M, (DIM)
My Support mass, Ib-sec?/in
My Rotor mass, Ib-sec?/in
N Rotor critical speed, [RPM]
P Ist node point on response plot
Q Rotor cross-coupling stiffness, Ib/in
Q 2nd node on response plots
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e

R0

R, Rotor absolute displacement amplitude
T Kinetic energy
TRD Transmissibility = F,/(Mzeuuz)
v Potential Energy
] Velocity, in/sec
W, Support weight, Ib
X Defined at X2
Xs Shaft re.ative displacement in x - direction
X3 Support displacement in x - direction
Xs Rotor absolute displacement in x - direction
)(‘i Journal relative displacement in x - direction
YS Shaft reiativ: displacement in y - direction
Yi Support displacement in y - direction
Y2 Rotor absoiute displacement in y - direction
Yj Journal reiatvive displacement in y - direction
Z, Complex shaft relative ampiitude, in.
Z; Comp lex support amplitude, in.
Zy Complex rotor amplitude, in.
ZJ Complex journal amplitude, in.
a Rotor argular acceleration, rad/sec?
By Phase angle of support motion reiative to rotor unbal:nce, DEG
B2 Phase angle of rotor motion relative to rotor unbalence, DEG
Bb Phase angle of bearing motion relative to rotor unba.ance, DEG
] Angular displacement, rad
Y Defined as K/M (DIM)
2 Damping ration= c1/cc (DIM)
¢ Rotor absolute amplitude phase angie, deg.
55
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¢ Moment of inertia
e Optimum amplitude for tuned system
¥ defined as 912 or 922 when calculating required damping at point
P or Q respectively
w Rotor angular velocity, rad/sec
wy 2 Rotor system critical speeds, rad/sec
W, Rigid support critical speed. rad/sec
2y, Q, Speeds at which the node point P and Q occur on response plots .
(AUTOMATIC PLOTTER NOMENCLATURE) ;
A Amplification factor at rigid support critical (DIM)
cs Bearing damping, Ib-sec/in
CcD Shaft damping coefficient, Ib-sec/in
DC Internal damping, lb-sec/in
E Rotor mass eccentricity, in

FTREWC Force transmitted at rigid support critical i

N Rotor speed, RPM
QAC Aerodynamic cross-coupling coef, Ib/in. i
TRDB Maximum bearing force transmitted (DIM) 2
TRDS Maximum support force transmitted (DIM) :
Fu* Rotating unbalance ioad per mil unbalance eccentricity, |b §
W Rotor speed, rad/sec ‘
WC Rigid support critical speed, rad/sec. ;
j
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Figure |  Schumatic Diagram of a Single Mass Rotor on Damped
Elastic Supports
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Figure 23 Optimum Damping and Mass Ratlos for Various Values
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ABSCLUTE ROTCR MOTION

N = 30000 RPM M= 03.100 oo
K= 0.082 C= 43. 946
W2 = 96.60 LB. KB = 500,000 LB/IN

KS = 500,000 LS/IN CB = 100.0 LB-SEC/IN
DOC= 0.5LB-SEC/IN Wl = 9,66 LB.

CO= 0.5LB-SEC/IN K1 = 25,000 LB/IN
QRC = 0.5 LB/IN Cl = 1000.0 LB-SEC/IN
TROB = 0.585 AND OCCURS AT 0.58 CYCLES
TRDS = 2.153 AND OCCURS AT  0.98 CYCLES

8 Fus=_2469. 026 LBS.
) ! Y I D B 1
g 4
g
N-J -
o
Sl J -l
23
>~
% ]
8 ]
1‘
8
T.00 -womw 200  0.00 2 200 %00 800

X"DIH.

Figure 24 Dimenslonless Transient Motion of an Unbalanced Rotor
for Twalve Cycles on Over-Damped Supports [K = M =
0.1, C = 44]
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BEARING MOTION

= 30000 APM M= 0.100
= 0.092 C= 43.946
96.60 LB. KB = S00,000 LB/IN

S00,000 LB/IN 0B = 100.0 LB-SEC/IN
0.5 LB-SEC/IN Wl = 8.66 LB.
0.5 LB-SEC/IN K1 = 25,000 LB/IN

88&H8TT
LI B

C= 0.5LB/IN Gl = 1000.0 LB-SEC/IN E
TROB =  0.585 AND OCCURS AT  0.58 CYCLES x
TADS = 2.159 AND_OCCURS AT  0.99 CYCLES
| Fus= 2469.026 165, )
] a
- -
{
- -
L 4

o T T T U
13,000 -2.000 ~1.000 0.000 1,000 2.000 3.0m0

x-mﬂ.

Figure 25 Dimensionless Bearing Absolute and Relative Transient :
Moticn for Twelve Cycles on Over-Damped Supports i
[K=M=0.,1, C=44]
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SUPPORT MOTION

! | ] ! | L]

1,000

-

0.000
i

-

-lom

2] Rj | R 4
L3.000 -2.000 -1.000 0.000 1.000 2.000
X"DIH.

Figure 26 Dimensionless Transient Cupport Moticen for Tweive
Cycles with Excessive Damping [K = M = 0.1, C = 44]
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ABSOLUTE ROTOR MOTION %

N = 30000 RPM M= 0.100
K= 0.092 C= 0.439
W2 = 96.60 LB. KB = 500,000 LB/IN

KS =  SOC,000 LB/IN CB = 100.0 LB-SEC/IN
DC= 0.5 LB-SEC/IN Wl = 9,66 LB.

CO= 0.5 LB-SEG/IN Kl = 25,000 LB/IN
QAC =  89.0 LB/IN Ci = 10.0 LB-SEC/IN
TROB = 0.164 AND OCCURS AT 8.81 CYCLES

TROS = 0.088 AND OCCURD AT  8.08 CYCLES
8 Fume 2169, 028.BS, o
o T r v LE T Cot
8. :

Y-DIR.

l

- T T T — T
2.000 -8.000 -4.000 0.000 %.000 8.000 12.000 |
X-DIR. ’

Figure 27 Dimensioniess Transient Motion with Under-Damped i f

Flexible Supports for Twelve Cycles [K = M = 0.10,
C = 0.44]
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BEARING MOTION

N = 30000 RPN M= 0.100
K= 0.092 C= 0.439
W2 = 96.60 LB. KB = 500,000 LB/IN

KS = 500,000 LB/IN CB =  100.0 LB-SEC/IN
DC= 0.5 LB-SEC/IN Wl = 9.66 LB.
D= 0.5 LB-SEC/IN Ki = 25,000 LB/IN
@AC =  99.0 LB/IN Cl = 10.0 LB-SEC/IN
TROB = 0.16% AND OCCURS AT 8.81 CYCLES

g TRDS = 0.088 AND OCCURS AT 8.08 CYCLES

3 oo Flig= 2469.02685.

ot T > T _ T —
“1.000 -0.667 41,333 -0.00C 0.333 0.667 1.000
X-Dlﬂo
Figure 28 Dimensionless Bearing Absolute and Relative Transient
Motion for Twelve Cycles on Under-Damped Supports
[K=M=0.1,C= 0.44]
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SUPPORT MOTION

N = 30000 RPM M= 0.100
K= 0.092 C= 0.438
WZ = 96.60 LB. KB = 500,000 LB/IN

KS = 500,000 LE/IN CB = 100.0 LB-SEC/IN
DC= 0.5 LB-SEC/IN Wl = 9.66 LB.

CO=  0.5LB-SEC/IN Kl = 25,000 LB/IN
QRC =  99.0 LB/IN Ci = 10.0 LB-SEC/IN
TROB = 0.164 AND OCCURS AT 8.81 CYCLCS

TRDS = 0.088 AND OCCURS AT 8.08 CYCLES
FUn= '2‘&69.026.85. -

| Sovuet |
|

12,000

v ¥

4. 000
1

0.000
]

Y"’DIB-

-4, 000

1 .ﬁ
o { T T T |
=$2.000 -8.000 -4.000 0.000 %.000 8.000 12.000

X‘Dlﬁo

Figure 29 Dimensionless Transient Support Motion for Twelve
Cycies with Under Damping [K =M = 0.1, C = 0.44]
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ABSOLUTE ROTOR MITION

N= 30500 RPM M= 0,100
K= 0.082 | C= 5. 463 B
W2 = 96,60 LB. KB = 500,000 LB/IN
KS = 500,000 LB/IN ©CB = 100.0 LB-SEC/IN
DC= 0.5 LB-SEC/IN Wl = 9,66 LB. -
Ch = o.g WEPEC/IN K1 = 25,000 LB/IN |
aRC = Cl = 125.0 LB-SEC/IN
TRDB = 0.266 AND-OCRURS AT  0.49 CYCLES

8 TRDS = 0.283 nmmm:no,';s F:.Tas 0.48 CYCLES

S T T Fﬂﬁ!‘iz’t¢""‘“"1 * J

8 j

>

6 .J

8| i

o

. :

)

8 i

=r

8

.00 w000 200 D00 204 w00 6000

X-DIR.

Figure 30 Dimensionless Rotor Motion with Optimum Steady~>:ute
Damping Showing the Steady~State Orbit After Seven
Cycles of Running Speed ([ =M = 0.1, C = 5.5]
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BEARING MOTION

N = 30000 RPM M= 0.100
K 0.092 L= 5483
W2 = 96,60 LB. KG = 500,000 LB/IN
KS =  500.000 LB/'™N CB = 100.0 LB-SEC/IN
DC= 0.5 LB-SEC/IN Wl = 9,66 LB.
CO = 0.5LB-SEC/IN Kl = 25,000 LE/IN
@C= O0.5LB/IN  Cl = 125.0 LE-SEC/IN
TRDB = 0.265 AND OCCURS AT  0.48  CYCLES
TROS =  .283 AND OCCURS AT  0.48 CYCLES
g . fUn=_2168.0%6 LBS.
® L By AU ' ] 4
3 4
8 i
=
= |
)l—
g _
8] -
o
8
1] ! L} i LI R
L3.000 -2.000 -1.000 0.000 1.00C 2,219 3.000
X-DIR. »

Figure 31 Dimensionless [saring Absolute and Relative Trarsient
Motion with Optimum Steady-State PNar.ning [¥ =M = 0.1,

C = 5.5]
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